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Preface 



The recent intensity in research world-wide on nanostmctured materials has 
evidenced their potential use and impact in a variety of fields, such as electronics, 
sensors, biological sciences, computer and information technology. Polymeric 
fibrous materials at the nanoscale are the fundamental building blocks of living 
systems. From the 1.5 nm double helix strand of DNA molecules, including 
cytoskeleton filaments with diameters around 30 nm, to sensory cells such as hair 
cells and rod cells of the eyes, nanoscale fibers form the extracellular matrices for 
tissues and various organs. Specific junctions between these cells conduct 
electrical and chemical signals that result from various kinds of stimulation. The 
signals direct normal functions of the cells such as energy storage, information 
storage, retrieval and exchange, tissue regeneration, and sensing. Based upon 
these “blueprints” laid out by nature, it is reasonable to infer that the availability 
of nanoscale (less than 100 nm diameter) fibers made of carbon (nanotubes) or 
polymers having adjustable electrical conductivity will open new opportunities in 
science and technology. Nanofibers of conducting polymers and their 
composites, including those containing nanotubes, are the fundamental building 
blocks for the construction of devices and structures that perform unique new 
functions that can lead to new “enabling” technologies. The combination of 
conductive polymer technology with the ability to produce nanofibers puts us in a 
position to introduce important new capabilities in the rapidly growing field of 
biotechnology and information technology. Areas that benefit include: scaffolds 
for tissue engineering and drug delivery systems based on nanofibers; wires, 
capacitors, transistors and diodes for information technology; sensor technology; 
biohazard protection and systems for energy transport, conversion and storage, 
such as batteries and fuel cells. 

Recognizing these developments, a group of scientists ranging from 
undergraduate students to senior researchers gathered in Antalya, Turkey from 
September 1-12, 2003 under the sponsorship of the NATO Advanced Study 
Institute on Nanoengineered Nanofibrous Materials to provide an advanced 
teaching/learning platform as well as to further the discussions and development 
of research in this emerging field. The ASI served to disseminate state of the art 
knowledge related to fundamentals and recent advances in nanofibrous materials 
for biomedical, electronic, power and air filtration applications. In particular, the 
characterization and fabrication of fibrous composite materials and nanotubular 
materials were discussed. Current research, covering a wide range of nanosized 
materials, their physical and chemical properties, as well as recent achievements 
in this field, were discussed and outlines for future directions in terms of 
technological developments and product commercialization in such fields as 
electronics, personal protection, biomedicine and sensors were given. 
Participants became familiar with the most recent developments in nanostmctured 
fibrous materials and their potential use. The ASI brought together scientists from 
basic and applied research areas from both NATO and partner countries to initiate 
further interactions aimed at translating basic research achievements into 
engineering applications. 




xii 

A total of 87 scientists from 14 different countries participated in our ASI, 
making it a truly international event. In all, 22 tutorial lectures, 30 short talks and 
over 40 posters were presented. A broad range of speakers from universities and 
industrial and government research laboratories from around the globe 
participated in this meeting. These proceedings reflect their insights in the area of 
nanoengineered nanofibrous materials. 

This volume is complementary to various specialized books or more 
generalized books on nanomaterials and/or nanotechnology. It aims to present an 
overview of research activities in nanofibrous materials. The volume has been 
organized into five chapters corresponding to the following objectives: the first 
chapter is designed to instruct young scientists in the most advances methods on 
the Formation of Nanofibers and Nanotubes Production', the second chapter 
presents information on the Physics and Chemistry of Nanofibers', the third 
chapter, due to perspectives of computation approaches, concerns the Simulation 
and Modeling of nanosystems and nanoobjects; the fourth chapter guides young 
researchers in applications of materials in areas of Biomedical Applications, 
Nanotube-Based Devices, Electronic Applications of Nanotubes and Nanofibers, 
Nanofluidics and Composites', and the fifth chapter deals with recent 
developments in Nanomaterials, Nanoparticles, and Nanostructures. All papers 
in this book have been peer-reviewed prior to publication. We believe this 
volume will be of major interest to researchers and students working in the area 
of materials science and engineering, nanotechnology, biomaterials, and sensors. 

The contribution by Dr. Salim Qiraci of the organizing committee in making 
the site arrangements is gratefiilly acknowledged. We would like to recognize the 
dedicated, hard work of Jennifer Wright. She single-handedly managed the 
intense pre-conference activities, helped to ensure this ASI was a successful event 
and served as the assistant editor of this volume. Without her contributions, both 
the ASI and this book would not have been possible. We would like to recognize 
Nicole Porreca, who developed and fine tuned our successful proposal to NATO, 
Katrin Cowan, who helped in making with ASI a successful, smooth running 
event and YAPSIAL Corporation and the efforts of Selen Onal, who printed and 
paid for our conference program. Finally, we express our sincere gratitude to the 
NATO Science Committee for granting us the award that enabled us to both 
arrange this meeting and to publish the proceedings. Additional financial support 
for the meeting was provided by A.J. Drexel Nanotechnology Institute at Drexel 
University and by the U.S. National Science Foundation. 



Sel(;uk Giigeri 



Vladimir Kuznetsov 



Yury Gogotsi 









NANOFIBER TECHNOLOGY: 

Bridging the Gap between Nano and Macro World 

Frank K. Ko 

Fibrous Materials Research Laboratory, Department of Materials 
Science and Engineering, Drexel University, Philadelphia, Pa. 

19104, U.S.A 



1. INTRODUCTION 

Nanofibers are solid state linear nanomaterials characterized by flexibility 
and an aspect ratio greater than 1000:1. According to the National Science 
Foundation (NSF), nanomaterials are matters that have at least one dimension 
equal to or less than 100 nanometers[l]. Therefore, nanofibers are fibers that 
have diameter equal to or less than 100 nm. Materials in fiber form are of 
great practical and fundamental importance. The combination of high specific 
surface area, flexibility and superior directional strength makes fiber a 
preferred material form for many applications ranging from clothing to 
reinforcements for aerospace structures. Fibrous materials in nanometer scale 
are the fundamental building blocks of living systems. From the 1.5 nm 
double helix strand of DNA molecules, including cytoskeleton filaments with 
diameters around 30 nm, to sensory cells such as hair cells and rod cells of the 
eyes, nanoscale fibers form the extra-cellular matrices or the multifunctional 
structural backbone for tissues and organs. Specific junctions between these 
cells conduct electrical and chemical signals that result from various kinds of 
stimulation. The signals direct normal functions of the cells such as energy 
storage, information storage and retrieval, tissue regeneration, and sensing. 

Analogous to nature’s design, nanofibers of electronic polymers and their 
composites can provide fundamental building blocks for the construction of 
devices and structures that perform unique new functions that serve the needs 
of mankind. Other areas expected to be impacted by the nanofiber based 
technology include drug delivery systems and scaffolds for tissue engineering, 
wires, capacitors, transistors and diodes for information technology, systems 
for energy transport, conversion and storage, such as batteries and fuel cells, 
and structural composites for aerospace structures. 

Considering the potential opportunities provided by nanofibers there is an 
increasing interest in nanofiber technology. Amongst the technologies 
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including the template method [2], vapor grown [3], phase separation [4] and 
electrospinning [5-22], electrospinning has attracted the most recent interest. 
Using the electrospinning process, Reneker and co-workers [5] demonstrated 
the ability to fabricate nanofibers of organic polymers with diameters as small 
as 3 nm. These molecular bundles, self-assembled by electrospinning, have 
only 6 or 7 molecules across the diameter of the fiber! Half of the 40 or so 
parallel molecules in the fiber are on the surface. Collaborative research in 
MacDiarmid and Ko’s laboratory [6,9] demonstrated that blends of 
nonconductive polymers with conductive polyaniline polymers and nanofibers 
of pure conductive polymers can be electrospun. Additionally, in situ 
methods can be used to deposit 25 nm thick films of other conducting 
polymers, such as polypyrrole or polyaniline, on preformed insulating 
nanofibers. Carbon nanotubes, nanoplatelets and ceramic nanoparticles may 
also be dispersed in polymer solutions, which are then electrospun to form 
composites in the form of continuous nanofibers and nanofibrous assemblies. 
[7] Specifically, the role of fiber size has been recognized in significant 
increase in surface area; in bio-reactivity; electronic properties; and in 
mechanical properties:. 

1.1 Effect of Fiber Size on Surface Area 

One of most significant characteristic of nanofibers is the enormous 
availability of surface area per unit mass. For fibers having diameters from 5 
to 500 nanometers, as shown in Figure 1, the surface area per unit mass is 
around 10, 000 to 1,000,000 square meters per kilogram. In nanofibers that 
are three nanometers in diameter, and which contain about 40 molecules; 
about half of the molecules are on the surface. As seen in Figure 1, the high 
surface area of nanofibers provides a remarkable capacity for the attachment 
or release of functional groups, absorbed molecules, ions, catalytic moieties 
and nanometer scale particles of many kinds. 




Figure 1: Effect of fiber 
diameter on surface area 
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1.2 Effect of Fiber Size on Bioactivity 

Considering the importance of surfaces for cell adhesion and migration 
experiments were carried out in the Fibrous Materials Laboratory at Drexel 
University using osteoblasts isolated from neonatal rat calvarias and grown to 
confluence in Flam’s F-12 medium (GIBCO), supplemented with 12% Sigma 
fetal bovine on PLAGA sintered spheres, 3-D braided filament bundles and 
nanofibrils. [8]. Four matrices were fabricated for the cell culture 
experiments. These matrices include 1) 150 - 300 pm PLAGA sintered 
spheres 2) Unidirectional bundles of 20 pm filaments 3) 3-D braided structure 
consisting of 20 bundles of 20 pm filaments 4) Nonwoven consisting of 
nanofibrils.. The most proliferate cell growth was observed for the nanofibrils 
scaffold as shown in the Thymadine-time relationship illustrated in Figure 2. 
This can be attributed to the greater available surfaces for cell adhesion as a 
result of the small fiber diameter which facilitates cell attachment. 
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Figure 2. Fibroblast cell proliferation as indicated by the Thymidine uptake of cell as a function 
of time showing that Polylactic-glycolic acid nanofiber scaffold is most favorable for cell 
growth. 



1.3 Effect of Fiber Size on Electro activity 

The size of conductive fiber has an important effect on system response time 
to electronic stimuli and the current carrying capability of the fiber over metal 
contacts. In a doping-de-doping experiment, Norris et al [9] found that 
polyaniline/PEO sub-micron fibrils had response time an order of magnitude 
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faster than that of bulk polyaniline/PEO. There are three types of contact to a 
nano polymeric wire exist: Ohmic, Rectifying, and Tunneling. Each is 
modified due to nano effects. There exist critical diameters for wires below 
which metal contact produces much higher barrier heights thus showing much 
better rectification properties. According to Nabet [ 23 ], by reducing the size 
of a wire we can expect to simultaneously achieve better rectification 
properties as well as better transport in a nano wire. In a preliminary study 
[24], as shown in Figure 3 it was demonstrated, using sub-micron PEDT 
conductive fiber mat, that significant increase in conductivity was observed 
as the fiber diameter decreases. This could be attributed to intrinsic fiber 
conductivity effect or the geometric surface and packing density effect or both 
as a result of the reduction in fiber diameter. 




Log of fiber diameter (nm) 



Figure 3. Effect of fiber diameter on electrical conductivity of PEDT nanofibers showing 
almost two order of magnitude increase in conductivity as fiber diameter decreases from 260 
nm to 140 nm. 



1.4 Effect of Fiber Size on Strength 

Materials in fiber form are unique in that they are stronger than bulk 
materials. As fiber diameter decreases, it has been well established in glass 
fiber science that the strength of the fiber increases exponentially, as shown in 
Figure 4a., due to the reduction of the probability of including flaws. As the 
diameter of matter gets even smaller as in the case of nanotubes. Figure 4b., 
the strain energy per atom increases exponentially, contributing to the 
enormous strength of over 30 GPa for carbon nanotube. 
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Figure 4a. Dependence of glass fiber strength Figure 4b. Strain energy as a function of 
on fiber diameter [25] nanotube diameter [26] 

Although the effect of fiber diameter on the performance and processibility of 
fibrous structures have long been recognized the practical generation of 
fibers down to the nanometer scale was not realized until the rediscovery and 
popularization of the electrospinning technology by Professor Darrell Reneker 
almost a decade ago [10]. The ability to create nanoscale fibers from a broad 
range of polymeric materials in a relatively simple manner using the 
electrospinning process coupled with the rapid growth of nanotechnology in 
the recent years have greatly accelerated the growth of nanofiber technology. 
Although there are several alternate methods for generating fibers in a 
nanometer scale, none matches the popularity of the electrospinning 
technology due largely to the great simplicity of the electrospinning process. 
In this paper we will be focused on the electrospinning technology. The 
relative importance of the various processing parameters in solution 
electrospinning is discussed. The structure and properties of the fibers 
produced by the electrospinning process are then examined with particular 
attention to the mechanical and chemical properties. There is a gradual 
recognition that the deceivingly simple process of electrospinning requires a 
deeper scientific understanding and engineering development in order to 
capitalize on the benefits promised by the attainment of nanoscale and 
translate the technology from a laboratory curiosity to a robust manufacturing 
process. To illustrate the method to connect properties of materials in the 
nano-scale to macro-structures, the approach of multi-scale modeling and a 
concept for the translation of carbon nanotube to composite fibrous 
assemblies is presented. 

2. ELECTROSPINNING OF NANOFIBERS 

The technology of electrostatic spinning or electrospinning may be traced 
back to 1745 when Bose created an aerosol spray by applying a high potential 
to a liquid at the end of a glass capillary tube. The principle behind what is 




Nonolube radius (nm) 
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now known as electrospinning was furthered when Lord Rayleigh calculated 
the maximum amount of charge which a drop of liquid can hold before the 
electrical force overcomes the surface tension of the drop [13]. In 1934, 
Formhals [12] was issued a patent for a process capable of producing micron 
level monofilament fibers using the electrostatic forces generated in an 
electrical field for a variety of polymer solutions. The patent describes how 
the solutions are passed through an electrical field formed between electrodes 
in a thin stream or in the form of droplets in order to separate them into 
groups of filaments. This process, later to become known as a variant of 
electrospinning, allows the threads, which are repelling each other when 
placed in the electrical field, to pile up parallel to each other on the filament 
collector in such a way that they can be unwound continuously in skeins or 
ropes of any desired length. 

The operational principle of electrospinning is quite simple. In this non- 
mechanical, electrostatic technique, a high electric field is generated between 
a polymer fluid contained in a spinning dope reservoir with a capillary tip or a 
spinneret and a metallic fiber collection ground surface. When the voltage 
reaches a critical value, the charge overcomes the surface tension of the 
deformed drop of the suspended polymer solution formed on the tip of the 
spinneret, and a jet is produced. The electrically charged jet undergoes a 
series of electrically induced bending instabilities during its passage to the 
collection surface that results in the hyper-stretching of the jet. This stretching 
process is accompanied by the rapid evaporation of the solvent molecules that 
reduces the diameter of the jet, in a cone-shaped volume called the “envelope 
cone”. The dry fibers are accumulated on the surface of the collection plate 
resulting in a non-woven mesh of nano to micron diameter fibers. The process 
can be adjusted to control the fiber diameter by varying the electric field 
strength and polymer solution concentration, whereas the duration of 
electrospinning controls the thickness of fiber deposition [12]. A schematic 
drawing of the electrospinning process is shown in Figure 5. 
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Figure 5. Schematic drawing 
of the electrospinning process 
showing the formation of 
nanofibers under the influence 
of an electronic field. 



Numerous polymers have been electrospun by an increasing number of 
researchers around the world. Examples of some of the polymers that have 
been successfully spun are shown in Table 1. Solvents of varying pH, 
polymers with molecular weights ranging from 10,000 to 300,000 and higher 
have been electrospun. In our laboratory, we have employed a dimensionless 
parameter, the Berry Number (Be), to guide our electrospinning process by 
relating fiber diameter to the Be, which is an indication of molecular 
conformation.[27-30] The Be is the product of the intrinsic viscosity and 
polymer concentration. Be has been found to play a major role in spinnability 
and fiber diameter control. For example, using polylactic acid ( PLA), it was 
found that if the Be is lower then 1, bead formation will occur due to the low 
level of viscosity does not favor fiber formation during the electrospinning 
process. On the other hand, for Be greater than 1, fiber diameters steadily 
increase as shown in Table 2. 

Table 1 : Examples of polymers that have been electrospun 



Polymer 


Solvent 


Rayon 


Caustic soda 


acrylic resin 


dimethyl formamide 


PE, PPE 


melted 


PEO 


water 


PPTA (Kevlar) 


98% sulfuric acid 


polyester 


1:1 dichloromethane:trifluoroacetic acid 


DNA 


70:30 water:ethanol 


PAN and Pitch 


dimethyl formamide (DMF) 


styrene-butadiene-styrene triblock 


75:25 tetrahydrofuran/dimethylformamide 







PAN and Pitch 


dimethyl formamide 


PVDF 


DMF 


PLA 


chloroform 


Bombyx mori silk, spider silk 


Formic acid 


PANi/ PEO 


chloroform 


HEMA 


50:50 formic acid/ethanol 


CNT/PAN 


DMF 


GNP/PAN 


DMF 


Polyurathane 


DMF 


Nylon-6 


95:5 HFIP/DMF 


Poly(ethylene-co-vinyl alcohol) 


2-propanol/water 



Table 2. Polymer chain conformation and fiber morphology corresponding to four regions of 
Berry number 



Region I 



Region II 



Region III 



Region IV 



Berry Number 



Be<l 






2.7<Be<3.6 



Be>3.6 




Polymer Chain 
Conformation in 
Solution 









Fiber 

Morphology 



Average Fiber 
Diameter 




(Only Droplets 
Formed) 



-lOOrnn — 500 
nm 



1700nm— 2800 
nm 



~2500nm— 3000 
nm 



3. STRUCTURE AND PROPERTIES 

The characterization of nanofiber requires a multitude of tools. Figure 6 
shows the spectrum of methodologies and instruments suitable for the 
characterization of nanofibers Scanning electron microscope (SEM) is one of 
the most popular that has been used as reported widely in the literature 
[5,10,16,31] to measure the diameter of electrospun fibers as well as the 
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general morphology. Kim and Reneker [11] showed that SEM could also be 
used to examine the fibers cross-section. 



FIBER FORM: 




SWNT MWNT ESNF 


Whiskers Fibers Wire 


PROCESS: 


CVD 

1 


Electrospinning 

J ^ 1 




Spinning Drawing Extrusion 

1 1 1 1 1 


Scale (m): 


1 

10-10 


__ o 

o 

o 




1 1 1 1 1 

10-5 10-4 10-3 10-2 10-1 


atomic 


nano 


micro 


meso macro 


COMPOSITION: 


EELS 


AES XPS EDX 


)4-Raman )i-FTlR p-XRD 1 


TESTBEDS: STRUCTURE: 


TEM 


STM AFM 


SEM 


Light microscopy 1 


PHYSICAL : 


AFM 


Nanoindentation MEMS Test Devices Conventional 



Figure 6. Corresponding scale of processing, testing and analysis techniques for electrospun 
nanofibers 



They stated that the electrospun fibers are mostly circular in cross-section but 
other shapes such as ribbons and coils could be produced. Another 
methodology that has been utilized to measure the diameter of smaller 
diameter fibers is transmission electron microscopy (TEM). Fang and 
Reneker [31] analyzed the electrospun DNA by using TEM and reported 
diameters as low as 62 nm. Ko et al. [32] used the TEM to study the 
morphology and structural order for the electrospun PAN fiber, PAN/CNT 
and PAN/GNP nanocomposites. Ye et al. [33] used TEM technique to study 
the alignment of SWNT in two different electrospun polymers (PEA and 
PAN), as well as study the effect of the heat treatment of electro-spun 
PAN/CNT composites on the alignment of the CNT. Other researchers have 
utilized equipment such as x-ray diffraction (XRD) and differential scanning 
Calorimetry (DSC) to observe whether there is any degree of crystallinity in 
the electrospun samples. When spinning from solution, there have been some 
reports by Deitzel [22] that limited crystallization occurs but not to a high 
degree using PEO. 

Although most of the fibers that are produced though electrospinning are 
circular solid filaments ; there are occasions when tubes, ribbons, coils, and 
beaded structures can be produced. Tubes have been discovered by several 
groups and it was shown in our laboratory that there was a high likelihood of 
forming tubes when electrospinning into water. In a similar fashion, ribbons 
are more than likely the result of collapsed tubes. 

The most common form of collecting the nanofibers is in the form of 2-D 
fibrous nonwoven mats. Mats such as these are well suited for filtration and 
tissue culturing. Alternatively, single fibers or linear fiber assemblies (yarns) 
can be produced. It has been shown by Ko [34] that nanofibrous yarns, can be 
directly produced from the electrospinning process under well controlled 
processing conditions for some polymers. These yams tended to be on the 
micron scale but were composed of numerous fibers that were on the nano 
scale that were naturally twisted together throughout the process to form the 
yarn. This will pave the way to large scale production of nanofibers based 
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planar and 3-D fibrous structures such as woven, knitted and braided fabrics, 
thus bridging the gap between nano-structures and macrostructures. 

3.1. Mechanical Properties 

The availability of experimental results of elastic properties of electrospun 
fibers is very limited in the literature and only a few papers have 
demonstrated advanced techniques to determine the elastic properties of 
nanomaterials. The atomic force microscope (AFM), is a favorable tool 
developed to exploit contact and non-contact forces for imaging surface 
topology and to study new physical phenomena at microscopic dimensions. 
The heart of the AFM is the cantilever and tip assembly, which is scanned 
with respect to the surface. For contact imaging the sample is scanned beneath 
the atomically sharp tip mounted on the cantilever providing a repulsive force. 
Atomic resolution can be obtained by very light contact and measuring the 
deflection of the cantilever due to the repulsion of contacting atomic shells of 
the tip and the sample [33]. Silicon device technology has introduced micro- 
fabrication techniques to produce silicon, silicon oxide, or silicon nitride 
micro-cantilevers of extremely small dimensions, on the scale of 100 pm x 
100 pm X 1 pm thick. Micro-cantilevers exhibit force constants around 0.1 
N/m. In contact imaging, the measurement of cantilever deflection is 
performed directly (quasi-statically) as the tip is being scanned over the 
surface [29]. Ko et al. [34] used this AFM technique to measure the elastic 
modulus of a single fiber produced from an electrospun PAN polymer 
solution and carbon nanotube reinforced PAN. 

Kracke and Damaschke [35] used the AFM to measure the nanoelasticity of 
thin gold films. They based the calculation of the modulus on the following 
relationships: 



dF 

d(5h 



1 ^ 0.5 

j 



E 



1 (i-K,h,(i-f) 

E* E, E^ 



( 1 ) 

( 2 ) 



where: El, E2, Ui& U 2 are the elastic moduli and Poisson ratios of the sample 
and the tip respectively. 

K = (3) 



F = 2rE*<5h 



(4) 
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where: r is the tip radius and 8h, is the deformation between tip and sample 

Sundararajan et al. [36] used the AFM technique to evaluate the elastic 
modulus and their bending strength of nanobeams. By using this technique, 
the measured values were comparable to those measured in bulk. Mechanical 
properties and the deformation behavior of materials having ultra-fine 
microstructures have also been illustrated by using a nanoindentation machine 
following the same guidelines. In addition, Micro-Raman Spectroscopy 
(MRS) has been used to measure the load transfer in short-fiber, high- 
modulus/epoxy composites as a function of fiber orientationto loading 
direction [37] as well as monitoring the strain in short fiber composites caused 
by fiber to fiber interactions. 



3.2 Chemical Properties 



Raman spectroscope is a powerful techniques for detecting the presented 
elements on the nanoscale. It is also useful for investigating the state of 
carbon in great detail due to its sensitivity to changes in translational 
symmetry. Duchet et al. [38] used Raman spectroscopy to correlate the 
molecular structure of the nanoscopic tubules with their conducting 
properties. Raman spectroscopy has been used for the characterization of 
carbon nanotubes (CNT) by many researchers [39]. 

Rao et al. [40] reported that, there are two frequencies or bands of the single 
walled carbon nanotubes (SWCNT) that can be detected by Raman. One is 
known as the radial band at 160cm’' and the other is called the tangential band 
at 1590 cm’'. They showed that the first band could be detected at higher 
Raman shift values (10 cm"' higher) when it was dispersed in a solution. The 
ratio (I (D-band)/I (G-band)) has been cross-correlated to crystallite size using 
x-ray diffraction data this correlation is given by the following equation: 



L, = 4.4 



"l 



(5) 



where: La is the crystallite size in (nm) 

Huang et al. [41] showed a linear relationship between the Id/Ig band and the 
1/La for commercialized carbon fibers produced from both PAN and PITCH. 
In the same paper they showed that there is a variation of the Raman spectra 
between the skin and core regions. These spectra show that Id/Ig decreases 
from core to skin, which indicate smaller crystallite values in the fiber core 
more so than on the skin. 
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Laser Raman spectra have been used by Y. Matsumoto et al. [42] to examine 
the carbon nanofibers and films produced by hot filament-assisted sputtering 
and it was found that the films showed three Raman bands at 1581, 1368 and 
1979 cm’' with the first two peaks belong to polycrystalline graphite and the 
last peak corresponds to carbine, one of the allotropes of carbon. 

4. MULTISCALE, HIERARCHICAL MODELING 

In order to establish a framework to connect the properties of 
materials in the nanoscale to macrostructures, a fiber architecture based 
model is introduced. We will illustrate the methodology using nanotube 
reinforced nanofibrils and their assemblies. Specifically the 
nanocomposite fibrils produced by the co-electrospinning process is 
demonstrated in this study by spinning mixtures of CNT and polymer 
solution. A schematic illustration of the co-electrospinning process is 
shown in Figure 7a. The concept of CNT nanocomposites (CNTNC) 
has been reported elsewhere showing the orientation of the CNT in a 
polymer matrix through the electrospinning process by flow and charge 
induced orientation as well as confinement of the CNT in a 
nanocomposite filament [43]. 




|— — VacWnB Fibril and Yam Packing *|a- Braid HelIxAngle — | 




Figure 7a. Co-electrospinning of CNT Figure 7b. Concept of CNTC 



The nanofibril composite can also be subsequently deposited as a 
spunbonded nanofibril mat for subsequent processing into composites or for 
use as an un-impregnated nonwoven mat. Alternately, by proper 
manipulation, the CNTNC filaments can be aligned as a flat composite 
filament bundle or twisted to further enhance handling and/or tailoring of 







13 



properties in higher order textile preforms for structural composites. As 
shown in Figure 7b, by twisting the nanocomposite fibrils, off-axis angular 
orientation may be introduced to the nanocomposite filament in order to tailor 
the composite filament modulus. 



4.1. Modeling of Geometric Properties of CNTNC 

The translation of properties to macrostructures begins with a consideration of 
the packing of the CNT. Depending on the nature of the CNT packing, the 
volume fraction of CNT can range from .75 to .90 for open, square and close 
packing respectively, as shown in Figure 8. 




(a) (b) (c) 



Figure 8 Idealized fibrillar packing: (a) open packing; (b) square packing; (c) close 
packing. 



A twisted bundle of fibrils is called a yarn wherein the fibrils are no longer 
aligned to the yarn axis. Instead, the fibrils assume a helical geometry in the 
yarn, as shown in Figure 9a. For fibril yarn composites, fiber volume fraction 
is equivalent to its fiber packing fraction, and related to fibril helix angle, 0, 
fibril diameter, d, and number of twist per unit length, T, by equation (6) : 



Vf = 



d + 



tan^ ^ 

;zdT 



( 6 ) 



For a 12K yam with 100 nm diameter fibrils, the relationship between 
fibril volume fraction, fibril orientation (surface helix angle), and twist level 
can be established as shown in Figure 9b. Clearly, for a given twist inserted 
to the fibril bundle, fibril volume fraction decreases as fibril orientation angle 
increases. 
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Figure 9a. Geometry of twisted yam Figure 9b. Relationship of fibril volume fraction to 

fibril orientation at various twist levels. 



4.2 Modeling of Mechanical Properties of CNTNC 

In Figure 7b, a macrocomposite consisting of several structural levels at 
multiple length scales is shown. Starting from the CNT level, one may predict 
the macrocomposite properties using micromechanics models such as the 
Fabric Geometry Model (FGM) [44]. Conversely, one may also test the 
macrocomposites and back out the CNT properties. The mechanical 
properties of the nanocomposite fibril, as a first approximation, may be 
modeled as a short fiber composite with CNT playing the role of a short fiber 
that has a high aspect ratio. For an aligned CNT fibril assembly of CNT of 
length 1, the longitudinal modulus is given by: [45] 

Efibnl = V, + E„ (1 - (7) 



where. Vent is the volume fraction of the CNT, Ecnt is the longitudinal 
modulus of the CNT and Em is the modulus of the matrix material, pi is an 
efficiency parameter and is given by: 
tanh(y Bl ) 

1 is the length of the CNT and f5 is given by: 



1 ^ = 



I 8G, 
>E,yinf 



( 9 ) 



where Gm is the shear modulus of the matrix, d is the fibril diameter and 2R is 
the inter- fibril spacing. 

For a twisted assembly of the nanocomposite fibrils embedded in a resin 
matrix, it is referred to as a yarn composite, with fibril orientation, (|), The 
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modulus of the yam composite can be related to the modulus of CNT by 
equation (10) : 



Eyarn = ^ cn^ cntCos'' (j) ^ E ~ 



( 10 ) 



By taking the packing density of CNT and fibrils into consideration, using 
the CNT properties shown in Table 3, the tensile modulus of the composite 
fibril and yam can be plotted as a function of CNT and fibril orientation in 
Figures 10a and 10b respectively: 



Table 3. CNT and Polymer Matrix Properties 



CNT 




Modulus of Elasticity, Ec„, 


1 TPa 


Length, 1 


1000 nm 


Diameter, d 


1 nm 


Matrix 




Modulus of Elasticity, E,„ 


3.5 GPa 



KMK) , 

^ C • 




Figure 10a. Longitudinal modulus of the fibril 
as a function of orientation of the CNT 



1000 




Orientation ^(Degrees) 

Figure 10b. Longitudinal modulus of the yam 
composite as a function of orientation of the 
fibril 



For a close packed CNT fibril, it can be seen in Figures 10a and 10b that 
the tensile moduli for the fibril and composite yarn are 895 and 807 GPa 
respectively. Assume a 60% fibril volume fraction as in most of the stmctural 
composites the moduli of the unidirectional composite and quasi isotropic 
composite consisting of the CNT fibrils are 538 and 203 GPa respectively. 
This agrees well with the prediction by Flarris et.al. [46] showing a more than 
three fold increase in modulus compared to aluminum and high modulus 
carbon fiber reinforced composites. 
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5. CONCLUSIONS 

Nanofiber technology is an important branch of the growing discipline of 
nanotechnology. Materials in nanofiber form not only lead to superior 
functions due to the nano-effect, but also provide a means to deliver functions 
to higher order structures. Electrospinning is an attractive process capable of 
producing polymeric fibers having diameters ranging over several orders of 
magnitude, from the micrometer range to the nanometer range. Under certain 
spinning conditions for some polymer solutions, continuous yarn containing 
nanofibers can be produced. This phenomenon opens the door to a practical 
means of connecting nanostructured materials to macroscopic structures. To 
illustrate the concept of hierarchical translation of the properties of 
nanomaterials to higher order structures, a mulltiscale modeling approach is 
introduced using carbon nanotube reinforced composite fibrillar assemblies as 
an example. 

Encouraged by the simplicity of the electrospinning process and early 
demonstration of unique properties of nanofibers, there is an explosion of 
research activities worldwide. It is envisioned that higher level of scientific 
understanding of nanofibrous materials and creative applications of 
nanofibrous structures will be realized in the coming decade. Through process 
modeling and engineering design for manufacturing, the issue of productivity 
will be addressed. It is envisioned that more environmental friendly processes 
such as melt electrospinning will be developed. Hybrid processes, such as 
combining melt blowing and electrospinning are promising means to increase 
productivity and expand the performance limit. Along with new ways to 
produce the nanofibers, scientists will also develop better ways to harvest and 
test the nanofibers. While the commercial value of electrospun nanofibers 
depends on the reproducibility and productivity, the true value of the current 
electrospinning activities is in it’s capability to generate nanoscale fibers, thus 
providing a means to facilitate the assessment of the nanoscale effect for a 
wide range of materials. 
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MECHANISM OF CARBON FILAMENTS AND 
NANOTUBES FORMATION ON METAL CATALYSTS 
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Abstract: The consideration of the formation mechanisms of carbon 
deposits on surface metal catalysts led us to conclusion that the majority 
of these mechanisms include some common steps. The most important of 
which are the formation of metal or metal carbide particle oversaturated 
with carbon atoms and the nucleation of carbon deposits on the metal 
surface. A thermodynamic analysis of the carbon nucleation on the metal 
surface was performed. The master equation for the dependence of 
critical radius of the carbon nucleus on the reaction parameters, such as 
the reaction temperature, the catalyst nature, the supersaturation degree of 
catalyst particle by carbon was obtained. This equation and the phase 
diagram approach were used for a discussion of the different scenarios of 
carbon deposit formation, namely, encapsulated metal particles, carbon 
fibers and filaments, bamboo-like nanotubes, multi-wall and single-wall 
carbon nanotubes. 



1. INTRODUCTION 

Different types of carbon fibers (CF), filaments and nanotubes (CNT) are 
known today. Their family includes filaments and fibers, which can be 
produced via carbonization of natural or synthetic organic polymers or 
mesophase pitch in inert atmosphere [1]. CF can be also produced in a 
carbon arc [2]. Other important representatives of this family of carbon 
materials are produced by the decomposition of hydrocarbons or carbon 
monoxide on the surface of metallic catalysts. These groups of processes 
are often termed catalytic chemical vapour depositions (CCVDs). The 
first time carbon fibers and tubes were observed was by Radushkevich and 
Fukyanovich in 1952. The electron microscopy pictures presented in their 
paper [3] clearly demonstrate the formation of multi-wall nanotubes 
(MWNTs). However, the importance of this observation was realised 
completely only after discovery of single-wall nanotubes (SWNTs) in arc 
discharge products by S.Iijima in 1991 [4]. A huge number of papers 
(several thousands), many reviews and several books concerning CNT 
and CF appeared after this date [5-8]. 
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At the present, nanofilaments and nanotubes have attracted great 
attention not only because of their fascinating structural features and 
properties, but also because of their potential technological applications. 
It is possible to separate the CNT and CF applications into two different 
groups. The first traditionally uses ensembles (great number) NT or CF 
while the second is based on the properties of a single (individual) NT. 
Thus, the first group includes the composite materials (where NT and CF 
are used as reinforcing components), materials for chemical current 
sources, adsorbents, catalysts supports etc. Carbon fibers are of 
technological importance because their composites have strength-to-weight 
properties superior to those of any other materials. The crucial factor to fiber 
strength is the alignment of graphitic hexagons along the fiber axis, with 
structurally coherent fibrils extended over long distances. At the present, the 
technologies of production of ex-polymer or mesophase pitch based fibers 
are well developed and these fibers are commercially available [9]. The 
second group deals with components for electronic components (field 
emitting devices, diodes, transistors, high frequency resonators, micro- 
wave generators, scanning microscope probe tips, nanopipettes etc.). The 
CF and NT applications are considered in a recently published book and 
reviews [10-12]. 

Macroscopic amounts of relatively good quality NT are produced by 
several groups around the world, and the theoretical understanding of the 
electronic properties of CNT has reached a significant level. At the same 
time, the available techniques allow only poor control over the growth of 
the nanotubes and yield numerous byproducts such as amorphous carbon, 
polyhedral carbon nanoparticles, and carbon encapsulated catalyst 
particles. The separation of nano tubes from impurities is a difficult task, 
mainly because the reactivity of the nanotubes is similar to that of the 
byproducts, and nanotubes may thus be damaged or destroyed during 
purification procedures. These problems create one of the most critical 
factors for the wide NT applications related to the cost of their 
production. Accordingly, research is being carried out on new ways of 
producing CNT and CF with cost as low as a few percent of current 
values. Another problem concerning the controlled manipulation of 
nanoscale objects can be the limited development of electronic devices. In 
this respect it seems the generation of self-assembled and/or self-aligned 
structures is the most promising path to explore further. The development 
of more effective methods of CNT and CF can be based only on an 
understanding of the formation mechanism of nanotubes, which is crucial 
when designing techniques for the controlled mass production of pure 
nanotubes material. 

Here we examine various important aspects related to the catalytic 
synthesis and mechanism of formation of carbon filaments and 
nano tubes. Thus, we will not consider production of CF via noncatalytic 
CVD and formation of CF produced via the thermal treatment of carbon 
polymers and/or graphitic mesophases, which have been widely used in 
industry for many years. We continue to estimate the applicability of 
thermodynamic analysis and phase diagram approach for the design of 
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new catalytic systems required for the development of effective 
production of CF and CNT. We compare the numerical results for the 
critical radius of carbon nucleus calculated for different metals (Fe, Ni, 
Pt, Pd, Rh, Co) with experimental data on the formation of single-wall 
carbon nanotubes. A new formation mechanism of bamboo-like carbon 
nanotubes is also proposed. 

2. SHORT REVIEW OF PROPOSED FORMATION 
MECHANISM OF CF AND CNT ON METAL 
CATALYSTS 

The formation of metal particles encapsulated in carbon shells, CF and 
CNT are usually considered as products of different processes. However, 
it is important to mention that all these products can be produced using 
the same metal catalysts. Often these catalysts have the same 
composition, but when used in different experimental conditions they 
lead to the formation of different products. There are several mechanisms 
that have been proposed to explain the formation of these rather different 
products, but these mechanisms do not explain the formation of all 
varieties of products using unified theory. 

2.1. Formation Mechanism of Carbon Filaments and Nanotubes 

Let us consider the formation mechanisms of CF and CNT to elucidate 
the common steps and features. These mechanisms were carefully 
considered in a number books and reviews, for example see ref [5-9, 13, 
14]. Due to space constraints, we will provide only their general 
description. These mechanisms can be subdivided into several groups: 

1. The first group can be considered mechanisms, which include the 
stage of carbon-metal particle formation independently of carbon 
source: decomposition of hydrocarbon or CO on solid metal catalyst 
or condensation of preliminary evaporated metal and carbon atoms 
from gas phase. In 1972, Baker et. al. were the first [15] to suggest 
such a mechanism for the formation of filamentous carbon deposits on 
isolated metallic particles by the catalytic decomposition of 
hydrocarbons. They proposed that temperature and concentration 
gradients were the main driving forces for this process. According to 
them, suggested mechanism hydrocarbons are decomposed on the 
front exposed surfaces of metal particles and release hydrogen as a 
gas and carbon, which dissolves within the particle volume. A 
temperature gradient results from overheating part of the catalyst 
particle during the exothermal hydrocarbon decomposition reaction 
and gives rise to a gradient of the carbon concentration in the volume 
of the catalyst particle. The dissolved carbon diffuses through the 
particle and precipitates at the cooler part of the metal particle. The 
diffusion of carbon through the catalyst particle is believed to be the 
rate-limiting step in the growth of filaments. 
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There are many conflicting reports concerning the detailed 
composition of the catalyst particle under reaction conditions of CNF 
formation. Successive formation of metal carbides and their 
decomposition with carbon deposition was proposed [14, 16-18]. At 
high temperatures formation of carbides were not registered. 

Related mechanism of SWNTs formation (“root-growth mechanism”) 
from evaporated carbon and metal atoms, which is generally accepted 
now [19-21] proposes: the initial production of liquid metal catalyst 
particles saturated with carbon; the nucleation of nanotubes via C 
segregation at the particle surface and the growth of the nuclei by 
incorporation of C at the interface nanotube/particle. 

Note that under the arc discharge and laser vaporization conditions, a 
temperature gradient occurs following the diffusion of the particles 
away from the hot zone of the interelectrode plasma or of the 
vaporization plume. In that case, the carbon precipitation is caused by 
the decrease in temperature, and hence in carbon solubility. 

2. The second group consists of mechanisms, which are based on surface 
diffusion of carbon around the metal particle, rather than the bulk 
diffusion of carbon through the catalyst particle [22]. However, the 
surface diffusion of carbon structures, proceeding without any carbon 
dissolution in metal particle, seems to be improbable. These 
mechanisms can be realized at relatively low temperatures (700 -800 
K), when the diffusion of carbon into the metal particle is limited by 
temperature, or when hydrocarbon decomposition product can be 
stabilized at the metal surface by hydrogen atoms. 

3. Some authors suggest that catalyst particles take part only in the tube 
initiation process. According to this model, the metal particle initiates 
the formation of a primary tube, which consists of prefect graphitic 
layers cylindrically rolled around the metal particle [23]. The 
thickening of the primary tube by the carbon deposition on the outer 
surface of tube proceeds without participation of the metal particle. A 
similar mechanism was proposed proceeding via initial fiillerene 
molecule adsorption on the metal surface with formation of a pre- 
formed carbon nanotube, which can serve as a nucleus for the growth 
of another carbon nano tube [24]. Carbon atoms can then be added and 
the elongated fiillerene molecule can grow into a nanotube with an 
open end to sustain continued growth. The growth of a single 
nanotube stops when the ends are closed without dangling bonds. 
Note that this mechanism can only be realized in the presence of free 
carbon atoms in a gas phase. 

4. For the growth of SWNTs it was proposed that metal atom or small 
metal clusters provide tube growth by moving around the open tube 
tip and bonding carbon atoms from the gas phase [25]. This 
mechanism fails to answer the question surrounding nanotubes rope 
formation, in which SWNTs are usually observed. Although it is 
possible that this growth mode really takes place during the synthesis, 
its contribution to the SWNT formation is rather negligible. 

A model for the formation of cylindrical layers around the hollow core 

with use of a thermodynamic approach was suggested by Tibbetts [26]. 
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In this model the graphitic planes are elastically strained in forming a tree- 
ring structure. This gives rise to an extra elastic term in the considered 
free energy equation. However according to Tibbetts model the free 
energy change precludes formation of carbon filaments with inner radius 
smaller then 5 nm and synthesis of carbon nanotubes of much smaller 
diameter can't be explained. In our opinion such thermodynamic approach 
is most perspective in description of filamentous carbon deposit growth 
but the model suggested by Tibbetts must be extended and stage of carbon 
nucleus formation must be considered also. 

2.2. Phase Diagram Analysis of Carbon Deposition on 
Metal 

To understand the role of the catalyst in CCVD, let us consider the 
carbon deposition on the metal surface in terms of a metal-carbon phase 
diagram. CCVD can proceed in two temperature regions (at high and 
moderate temperatures, respectively). Processes that occur at high 
temperatures (arc-discharge or laser ablation SWNT growth) correspond 
to the line a -b-c-d' in Figure 1. The process starts after the initial 
vaporization of a target consisting of a metal catalyst mixed with graphite 
powder at a temperature higher than 4000 K. A condensation of the metal- 
carbon vapor proceeds under a temperature gradient in an inert gas (He, 
Ar) and leads to the formation of liquid metal-carbon alloy (point a). 
Carbon nucleation on the liquid catalyst particle begins when the reaction 
temperature decreases below the temperature corresponding to the point 
b'. At this point, the liquid alloy becomes supersaturated with carbon to a 
value critical for deposition of carbon at the solid-liquid interface (carbon- 
metal interface). The equilibrium concentration of carbon in a metal 
particle below that temperature is determined by the liquidus line. As the 
temperature drops below the value corresponding to the solidus line (point 
c) the metal particle becomes hard (point d') and the carbon deposition 
rate drops to relatively low values. 




Figure 1. Schematic metal-carbon phase diagram consideration. Lines {a -b-c-d' ) and 
{a"-b"-c') correspond high temperature and moderate temperature carbon deposition on 
metal surface. 
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The decomposition of hydrocarbon or CO on the surface of metal 
particles, which leads to the formation of SWNT or CF, proceeds in 
isothermal conditions at moderate temperature (see line a "-b'-c" in the 
region below eutectic temperature). A high degree of carbon 
supersaturation is required for the SWNT growth, as will be demonstrated 
below. These requirements can be relatively easily achieved using 
methods based on preliminary metal-carbon mixture evaporation. At the 
same time, for the region below eutectic temperature, high carbon 
supersaturation (point can be reached using a highly dispersed metal 
particle. In some cases metal particles can melt even at the temperature 
below eutectic temperature due to their small size or addition of specific 
promoters. The most difficult problems of this are related with sintering of 
disperse metal particles and carbon diffusion limitations. To overcome 
these problems, chemists use two approaches: (1) the decomposition of 
volatile organometallic compounds in a reaction gas flow containing 
hydrocarbon or CO [27-30] and (2) the reduction of metal oxide solid 
solutions characterized by high reduction temperature [31-33]. Both 
approaches allow in situ prepared dispersed metal particles with a high 
carbon supersaturation to provide the optimal nucleation conditions (see 
analysis below). Thus, metal catalysts take part in initial reagents 
activation and serve as media for carbon dissolution providing the 
dramatic decrease of temperature solidification of carbon to form the 
metal-carbon interfaces responsible for the formation different carbon 
deposits. 

2.3 Carbon Nucleation on Metal as a Key Step Of Carbon 
Deposits Formation 

The phase diagram approach and analysis of reaction mechanisms 
allows the proposition that carbon nucleation is a common and key step 
for the formation of all type of filamentous carbon deposits. It determines 
the critical size of the carbon nucleus and finally the type of carbon 
deposit obtained, because the size of tubes or graphite plates (in the case 
of filamentous carbon) cannot be smaller than the critical size of carbon 
nucleus. In the case when several nuclei form at the same metal particle, 
they can grow independently. It can be understood in terms of relatively 
high stability of nanocarbon species even at high temperatures up to 1800 
K. Figure 2. summaries the literature data on the stability carbon species 
to sintering (graphitization). So, single wall carbon nanotubes (SWNT) 
double their diameter only after thermal treatment at the temperature 
higher then 1700 - 1800 K [34], while multi-wall nanotube formation 
from SWNT ropes occurs only at temperatures higher than 2300 K [35]. 

Other evidence of high thermal stability of nanosize graphite species 
came Ifom the study of the graphitization of carbon materials, the 
formation of stable mosaic closed graphitic nanostructures on the 
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annealed diamond surface at the temperature higher than 1800 K was 
observed [36]. Thus, once formed the nanosize carbon nuclei are stable 
enough and the nucleation step can determine the carbon deposit type. 
Multiple nucleations of single wall nanotubes leading to the formation of 
nanotube ropes are the most remarkable example of the last statement. 
Figure 3. demonstrates the formation of the SWNT rope at different 
stages of its growth. The presence of such particles was demonstrated 
earlier [37-40] and we also observed these particles in typical soot sample 
obtained by the arc discharge method [41] (Fig. 3). Note that in our 
TEM images the length of the nanotubes 




extending from the particle is variable and depends on the considered 
particle. This strongly suggests that they represent different stages of 
SWNT growth, such as in Fig. 3(a) for the initial step (nucleation and 
growth of short tubes). Fig. 3(b) for an intermediate step (radial extension 
of the tubes), and Fig. 1(c) for the final state (formation of ropes of more 
than 1 pm length). 



3. CARBON NUCLEATION ON METAL SURFACES 

3.1 Choice of Carbon Nucleus Model and Thermodynamic 
Analysis of Carbon Nucleation 

We have developed a model of graphite-like species nucleation on the 
surface of metal particles, which is based on classic theory of nucleation. 
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We proposed that at the beginning of the nucleation a few carbon atoms 




Figure 3. High resolution TEM images of growing SWNT ropes: (A) initial step, 
formation several nanotubes 3-10 nm long; (B) intermediate step “Sea urching” particles 
formation, several ropes grow from one particle; (C) long ropes of SWNT grown from one 
particle. 



precipitate on the surface of carbon-saturated metal particles. They 
combine into small structures with carbon atoms arranged in hexagons, 
which transform into a saucer-like graphene sheet bonded with its edges 
to the metal surface. This form of nucleus is the most favorable because of 
the elimination of dangling bonds in the carbon cluster. The formation of 
such nucleus was proposed by Tontegode [42] and recently supported by 
direct observation of flat graphitic nucleus on Pd surface with STM [43]. 
Metal carbon segregation was investigated with quantum molecular 
dynamic simulation (DFT) [19]. The formation of the flat fragment with a 
hexagon and two pentagons was observed. 

The change in Gibbs free energy in the case of the formation of a flat 
round nucleus with radius r and height h can be written as: 



AG = 
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(for details see [21]). In this equation the first term presents the free 
energy change when graphitic carbon precipitates from the metal-carbon 
solution and Vm is the molar volume of graphite, T is the reaction 
temperature, x/xq is the carbon saturation coefficient of the metal-carbon 
solution.. The second term is the free energy change caused by the 
interaction of the carbon nucleus with the catalyst surface, where Ographite is 
the specific surface energies of graphite and Wad is a work of adhesion of 
metal graphite system. The third term estimates the energy of chemical 
bonding between a border atom of the nucleus and the metal surface, and 
AHi are the enthalpies of formation of M-C and C-C bonds, rc.c is the 
distance between two neighbouring carbon atoms in the zigzag edge of a 
graphite sheet, Na is the Avogadro constant. The fourth term reflects the 
strain energy due to the bending of the graphitic layer of the nucleus 
during its bonding with the metal surface, where 2 is a constant of 
continuum elasticity formalism {Q is equal to 4.4 eV for an uncapped 
cylinder, see Ref [21,44]). 
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Taking d(AG)/dr=0 for critical nucleus one can easily deduce from 
equation (1) the master equation (2) for the radii of critical nucleus 
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3.2. The Comparison of Experimental Data with Results of 
Thermodynamic Analysis of the Size of Critical RADII of 
Carbon the Carbon Nucleus 

Equation (2) expresses the dependence of the critical radius of the 
carbon nucleus on the different reaction parameters, which can be 
measured experimentally. We have used this equation to estimate 
numerically the critical radius for pure Fe, Co, Ni, Pd and Pt catalysts. 
The values of thermodynamic functions and constants that we used in our 
estimations are presented in Table I. The simultaneous analysis of all 
factors, which influence rcm, is a rather difficult task. So we have 
considered the influence of each factor separately with other fixed 
parameters. Note that in our estimations we did not take into account the 
dependence of some thermodynamic functions, such as AHc-c, AHm-c, 
Wad(M-C)meit, Or ographitc on the temperature. We suggest that, in our 
case, this influence is negligible. The results of our estimates are 
presented in Figure 4. Note that this estimate gives us a minimal value for 
the radius of the carbon deposit. Nuclei with smaller radii are not stable, 
but nuclei with larger sizes can continue to grow. So, for comparison in 
Figure 4., we have used the experimental values corresponding to the 
smallest observed size of carbon deposits. 

There is a large spread for the values of metal-carbon enthalpies 
reported in the literature depending on the calculation or experimental 
methods; hence, the choice of the parameters is very important. We have 
tried to take into the consideration data from the same source or measured 
by the comparable methods. We have used data of Miyazaki [45], where 
M-C bond enthalpy were empirically calculated using a bond energy bond 
order (BEBO) approach. 

We have estimated numerically the dependence given by equation (2) 
between rcrit and the reaction temperature in presence of pure metal 
catalysts both for solid and melted state of the metal. Note that we have 
used a medium value of Wad - 0.1 J/m^ for the estimation of rcrit for solid 
metal 

TABLE 1. The values of thermodynamic functions and parameters used for the calculation 
of critical radiuses [21]. 



Symbol 


Used values 


AHc_c 


473.2 kJ/mol 


AH Fe-C 


245.2 kJ/mol 


AH co-c 


221.3 kJ/mol 





28 



AH Ni-c 


191.2 kJ/mol 


AH pd-c 


250.2 kJ/mol 


AH pt_c 


200.4 kJ/mol 


AWad(Fe- 

C)solid 


0.1 J/m" 


W ad(Fe-C)melt 


2.2 J/m^ for Fe-C eutectics (17 at. % C) 


W ad(Ni-C)solid 


0.1 jW 


W ad(Ni-C)melt 


1.8 J/m^for Ni-C eutectics (10 at. % C) 


W ad(Co-C)melt 


2.1 J/m^ for Co-C eutectics (12 at.% C) 


W ad(Pd-C)melt 


1.9 J/m^ for Pd-C eutectics (10 at.% C) 


W ad(Pt-C)melt 


0.7 JW for Pt-C eutectics (17 at.% C) 


^eranhite 


0.08 jW 


x/Xo 


2 



particles. The critical radius for a liquid metal particle is much smaller 
than that for a solid particle due to much higher Wad for metal melts (Wad - 
1.8-2. 2 J/m^). We have marked the change of the state of the catalyst 
particles, which can occur at temperatures close to the corresponding 
metal-carbon eutectic temperatures in Figure 4 A. However, some factors 
can decrease the solidification temperature of metal particles and thus 
expand the temperature range of formation of smaller nuclei. We suggest 
that the production yield of SWNTs in the presence of promoters such as 
S, Bi, Pb increases due to the decrease of the melting point of the 
multicomponet system (catalyst-promoter-carbon) as compared to the 
pure metal-carbon mixture. Our estimates of the relationship between rcrit 
and the reaction temperature presented in Figure 4A are in good 
agreement with the experimental data extracted from the literature and 
confirm the idea that single-wall carbon nanotubes grow on the liquid 
metal catalysts. 

Additional improvement of the yield of SWNT can be reached using 
the promoters, which not only decrease the melting point of catalytic 
particles but provide the high values of Wad (characterized with higher 
energy metal-carbon bond (or AHmc))- Also, one can not exclude that 
highly dispersed metal particles could be in a liquid-like state during 
nucleation even at relatively low temperatures because their formation 
occurs in situ via the condensation of metal atoms or small clusters 
distributed on the supports or prepared via decomposition of 
organometallic compounds in gas phase [46] . The last approach appears to 
be the most promising for the development of large scale low temperature 
SWNT synthesis. 

The sensitivity of the calculations to the variation of used parameters 
was estimated in [47]. In these estimations we used fixed temperatures 
equal to 973 and 1473 K for the solid and melted metal -particle state, 
respectively. It was shown that the influence of the nature of the catalyst, 
which is responsible for the values AHm-c, Wad (M-C) and x/xo, is the most 
significant when the metal catalyst is in a solid state. For the liquid 
catalyst, the influence of these parameters is not so pronounced. As an 
example, the nanotube formation on Mo catalysts can be considered. 
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These catalysts provide the formation of SWNTs at 850-1200°C. Due to 
the high melting temperature of Mo, we suggest that in the reaction 
conditions Mo is in a solid state. However, due to higher values of AHm-c 
and Wad (M-C) for Mo in comparison with Fe and Ni, it provides the 
formation of nanotubes with diameters 10-20 A even in solid state [48]. 
After analysis of equation (2), it is obvious why small metal particles 
produce nanotubes while larger particles are encapsulated in graphitic 
shells. The difference in behavior can be explained in terms of differences 
of saturation coefficients, which can attain much higher values for small 
particles. Thus, small particles can be easily oversaturated with carbon 
and are characterized by smaller rcrit values, which are preferable for the 
formation of nano tubes. 




Figure 4. Dependence of Tent on the reaction temperature for (A) Fe,Ni and (B) Pt, Pd, Co 
catalysts. The points marked by circles and triangles for Fe and NI in fragment (A) and 
marked by circles, squares and triangles, respectively for Pt, Co and Pd catalysts in 
fragment (B), correspond to the smallest radii observing in experimental papers. 

r(crit), [A] 




Temperature, [K]. 

Figure 5. 3D image of the relationship between critical radiuses, nucleation temperature 
and carbon supersaturation according master equation (2) calculated for Pt melt catalyst. 
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3.2.1 Analysis of experimental and ealeulated data for SWNT 
produeed with Pt eatalysts 

Due to relatively low Wad for Pt in comparison with other metals we 
obtained relatively higher values of rent (see Fig.4B). Figure 5. shows 
three dimensional diagram for the dependence of nucleus critical radius on 
nucleation temperature and Pt particle carbon supersaturation (Wad was 
fixed). Comparison of this data with the observed size of SWNT (13-30 
A) allows us to propose that carbon nucleation on Pt catalysts proceeds at 
a relatively high temperature and there is a high supersaturation of catalyst 
with carbon. 

4. THE RELATIONSHIP BETWEEN CARBON 
NUCLEATION AND SCENARIOS OF CARBON 
DEPOSITS FORMATION 

After the formation of critical nucleus the different scenarios of its 
evolution can be considered. 



4.1.Metal Encapsulated Particles and Filaments 



According to the first scenario, ifx/xo value is rather low (x ~Xo), than 
is usual for big metal particles, the critical nucleus is relatively large and 
continues to grow, which results in the formation of graphitic sheets 
covering a significant part of the surface of the metal particle. After the 
formation of the first graphitic layer and restoration of the required x/xo 
value in the subsurface metal region via bulk carbon diffusion, the next 
nucleus can be formed under the primary nucleus. This alternation of the 
growth and the following exfoliation of the graphitic sheet produce a 
variety of filamentous structures with graphitic sheets oriented at an angle, 
or perpendicular to the fiber axis (see Fig.6A). 
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Figure 6. The different scenarios of primary nucleus evolution (see text). 



However, for low temperatures (comparable with the temperatures 
required for the decomposition of aromatic hydrocarbons) one can not 
exclude the surface diffusion and association of partially hydrogenated 
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carbon species leading to the formation of a large graphite shell on the 
metal particles. Further decomposition of hydrocarbons on the surface of 
the primary shell leads to the encapsulation of catalyst particles inside 
graphitic shells. 

4.2. Multi Wall and Bamboo-like Nanotubes 

In the second scenario (Fig. 6B), a new nuclei form under the primary 
one, with edges bonded to the metal particle surface. It can be achieved 
using disperse metal particles, where the nucleation can proceed only with 
higher x/xo values than in the first case. After the production of a primary 
nuclei in the case of diffusion limitations the x/xo value drops to one 
insufficient for the further formation of the nucleus and all carbon atoms 
diffusing through the metal particle are consumed for the nanotube 
growth. It should be noted that the internal tube radius cannot be smaller 
than the critical radius of the nucleus, while the external walls have a 
diameter that is comparable to the size of the metal particle. 

The developed thermodynamic formalism was used to describe the 
formation of bamboo-like carbon nanotubes for the case when carbon 
diffusion through the catalyst particle is at the rate determining step of the 
reaction. Fig. 7. presents the variation of the value of supersaturation of 
catalyst particles with carbon versus time. Initially, metal particles must be 
saturated with carbon. The value of supersaturation required for the initial 
carbon deposition can be estimated from equation (2). According to 
equation (2), a smaller metal particle diameter of higher supersaturation is 
required. After the primary nuclei formation the next nuclei cannot form 
because the drop of carbon supersaturation values lower the level 
sufficient for the formation of another critical nucleus, whose radii are 
comparable to the size of the catalyst particle. Before the supersaturation 
value reaches the level sufficient for the formation of the next nucleus and 
the partition formation diffusion flow of carbon atoms will be partially 
consumed for the tube growth. Thus, the cyclic changes of carbon 
supersaturation value (near the level sufficient for the formation of critical 
nucleus) are responsible for the formation of bamboo-like tubes. The 
periodical partition formation can also lead to the periodic heat release, 
which can result in the periodical melting of the metal particle. Such 
periodical melting of the catalyst particle corresponds to the pulsating 
regime of bamboo-like tube growth, which was proposed in some papers 
[49-51]. 

4.3. Single Wall Carbon Nanotubes 

In the third scenario (Fig.6C) very high x/xg values are required. In 
this case several nuclei precipitate on the surface of the same metal 
particle and interact to form the tightly packed ropes. If the nucleation 
frequency is high enough, then a size of the single nanotube tends to be a 
minimal value that corresponds to the critical nucleus radius. 

When the carbon nucleus critical radius is considerably smaller than 
that of the metal particle and the saturation of the metal-carbon particles 
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by carbon is sufficiently high, formation of a multitude of nuclei can 
proceed. In this case, multiple nuclei grow independently until their 
diameters reach certain sizes, which allow them to interact with each 
other. This interaction results in the formation of mosaic stmctures, 
consisting of growing nuclei. "Sea-urchin" particles, which consist of 
SWNT ropes growing radially from metal particle, represent an example 
of such structures. 




Figure 7. The variation of carbon supersaturation value (x/xq) of catalyst particle versus 
time causing the formation bamboo-like nanotubes. 

5. CONCLUSION 

The consideration of the formation mechanisms of carbon deposits on 
surface metal catalysts leads us to conclusion that the majority of these 
mechanisms include some common steps. The most important of these are 
the formation of metal or metal carbide particles oversaturated with 
carbon atoms and the nucleation of carbon deposits on the metal surface. 
This allows considering the formation of different carbon deposits within 
unified (theory) approach. Thus, we propose that the nucleation is a 
cracial step (stage) for the formation of most carbon deposits and that a 
nucleus structure can finally determine the type of carbon deposits. 
Thermodynamic analysis of the carbon nucleation on the metal surfaces to 
estimate the influence of reaction parameters on the carbon nucleation 
step was performed. As a result, a functional dependence between the 
critical radius of the carbon nucleus (rcrit) and reaction parameters such as 
reaction temperature, carbon supersaturation degree, and parameters 
which characterize the metal catalyst (metal-carbon bond strength, work 
of adhesion) was obtained. The analysis of this dependence in 
combination with metal-carbon phase diagram analysis allows: to 
formulate the relationship between the size of carbon nucleus and type of 
carbon deposit; to lighten the optimization of single-wall nanotubes 
growth conditions; to estimate the real carbon supersaturation of metal- 
carbon particles and to propose the mechanism of bamboo-like carbon 
nanotubes formation. 
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Abstract: We describe the synthesis of single and double-walled carbon 
nanotubes by an original catalytic chemical vapor deposition method 
based on the selective reduction of oxide solid solutions in H2-CH4 
atmosphere. For example, the reduction of an a-Al2_2xFe2x03 solid 
solution produces pristine Fe nanoparticles at a temperature high enough 
to catalyze the decomposition of CH4 and the in situ formation of carbon 
nanotubes (CNTs). The so-obtained products are CNTs-metal-oxide 
composite powders with a very homogeneous dispersion of the CNTs. 
This method was extended to Mgi_yMyAl204 and Mgi.zMzO solid solutions 
(with M = Fe, Co, Ni or a binary alloy), to obtain CNT-M-MgAl204 and 
CNT-M-MgO composites powders, respectively. The use of MgO-based 
catalysts is of special interest because of their easy removal by dissolution 
in an HCl aqueous solution, allowing the preparation of isolated CNTs. 
Some control of the number of walls and diameter distribution can be 
achieved through the CCVD parameters, such as the composition of the 
H2-CH4 atmosphere, the reduction temperature and the time spent at that 
temperature. A global overview of the CCVD synthesis of single- and 
double-walled carbon nanotubes is proposed through a review of some of 
the most striking results in the field. 

Keywords: Double-walled carbon nanotube, CCVD, Synthesis, Methane, Oxide solid 
solution 



1. INTRODUCTION 

This paper will review some of the most striking results obtained in the 
field of the synthesis of single-walled and double-walled carbon 
nanotubes (SWNTs and DWNTs, respectively) by catalytic chemical 
vapour deposition (CCVD). After briefly introducing the main synthesis 
methods that are used to produce SWNTs (arc-discharge, laser ablation 
and CCVD), we will get an overview of the different technical choices 
that have been made to achieve the CCVD synthesis of SWNTs. This part 
of the paper will also be illustrated by experimental results obtained by 
our group. The emphasis will be put on the understanding of the 
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phenomena that play a key-role for the specific synthesis of carbon 
nanotubes (CNTs) with a small number of walls (SWNTs, DWNTs). 

CNTs were first brought to light in 1991 by lijima. These ID hollow 
objects can be schematically described by the rolling over itself of a 
fragment of a graphene sheet. There are numerous different possible 
structures, described by two indices (n, m). CNTs are typically only a few 
nanometers wide, and their length can range between a few hundreds of 
nanometers and up to 100 pm. For this reason, they have a very high 
aspect ratio (typically between 5000 and 50000). They also have a very 
high specific area (the theoretical value for a closed SWNT is 1 300 m^/g), 
which decreases quickly as the number of layers increases*. Their 
mechanical properties are exceptional: they have a very important 
stiffness, the Young modulus is typically close to 1 TPa for SWNTs, but 
they also exhibit a very high flexibility. Their electrical properties are 
remarkable because they can behave either as metallic conductors or as 
semiconductors, depending only on their structure. 

Three main synthesis methods have been developed for the synthesis 
of SWNTs. Historically, the first method used is the arc-discharge 
between two graphite electrodes. For the synthesis of SWNTs, one of the 
two electrodes (the anode) contains a catalyst (often present as a powder 
placed in a hole bored in the electrode). This method has been used since 
1 992 ^ and generally requires deep purification steps to remove fullerene 
material, amorphous carbon, graphitic particles and soot, which always 
form together with the CNTs, although important modifications and 
improvements of the process have now been proposed. Laser ablation was 
first reported in 1995 by Guo et al? and allows the synthesis of good 
quality ropes of SWNTs (70-90%). The main drawback of this method is 
its cost but it could be envisaged as a continuous synthesis process. The 
last method is CVD, which was first restricted to carbon nanofibres and 
then multi-walled CNTs, until the first syntheses of SWNTs by CCVD 
were reported in 1997. CCVD is especially interesting because it is based 
on the catalytic decomposition of hydrocarbons or carbon monoxide over 
catalytic particles, and this is a rather low-cost and possibly large-scale 
process. To transpose the knowledge accumulated for years during the 
synthesis of carbon fibres, researchers first had to understand the role 
played by the catalytic particles: they have to be kept at a nanometric size 
for the synthesis of SWNTs and DWNTs. The most important point is that 
these particles have to keep nanometric dimensions until the catalytic 
decomposition of the carbon source actually starts. Different ways have 
been proposed to keep the metal particles as small as possible: working at 
the lowest possible temperature (which will determine the carbon source 
to be used), using refractory metals, opting for fast thermal treatments or 
generating the nanoparticles in situ at high temperature. This last choice 
will be described in details later on. 

What are the typical CCVD conditions? the carbon supply is generally 
CO or an hydrocarbon (CH4, C2H2, C2H4, CeH6, etc.), often mixed 
together with an inert gas (Ar, N 2 , He) or with H 2 . The working 
temperature depends strongly on the carbon source and must fulfil two a 
priori contradictory conditions: being high enough to allow the catalytic 
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decomposition of the carbon source and the diffusion of carbon species, 
but at the same time be low enough to avoid pyrolysis, that is to say non- 
catalytic self-decomposition of the carbon source. The pressure is 
generally close to one atmosphere (but not systematically), and it can have 
important effects on the quality of the CCVD products. The flow rate has 
to be adapted both to the amount of catalyst present in the CCVD reactor, 
the kind of CNTs (SWNTs, DWNTs or MWNTs) and, of course, the 
nature of the carbon source. Thermodynamics and kinetics must be taken 
into account. The reactors used are typically quartz tubes fitted inside one- 
stage tubular furnaces. Two-stage furnaces are sometimes used: the 
catalyst or its precursor is placed in the first stage, and the catalytic 
reaction takes place in the second stage, at a higher temperature. Vertical 
furnaces are used when fluidised beds are required. 

Different strategies have been developed over the years to achieve the 
CCVD synthesis of SWNTs and DWNTs. We will, for first, review the 
synthesis of SWNTs on catalytic nanoparticles produced by 
decomposition of organometallic precursors. Next, we will focus on the 
use of supported catalytic nanoparticles, prepared (i) in situ by reduction 
of oxide solid solutions, (ii) in situ after impregnation of a support by 
catalytic precursors or (iii) pre-formed before the introduction of the 
carbon source. 

2. SYNTHESIS OF SWNTs and DWNTs BY THE CCVD 
PROCESS 

2.1 Catalytic nanoparticles formed in sitn by 
decomposition of organometallic precursors 

Sublimated metallocenes have often been used as a precursor for the 
synthesis of SWNTs. For example, Satishkumar et al* have compared the 
efficiency of different metallocenes (M(C 5 H 5)2 with M = Fe, Co or Ni) 
and that of Fe(CO)s, at 1 100°C in both cases. The carbon source was C 2 H 2 
(diluted in Ar). The SWNTs prepared by this method had a very narrow 
diameter distribution, between 1 and 1.5 nm. Fe and Co gave better results 
than Ni, and amorphous deposit was present in all cases. However, the use 
of a mixture of metallocenes gave cleaner tubes, with less amorphous 
deposit. Ci et al.^ used a similar process (ferrocene and C 2 H 2 diluted in 
Ar) and reported that the optimal temperature range was between 900 and 
1000°C. They obtained SWNTs (diameter ranging from 0.7 to 1.6 nm), 
individual or in small bundles, with less amorphous deposit than 
previously reported. However, their sample contained numerous Fe 
nanoparticles, probably encapsulated into graphitic shells. They also 
studied the influence of the partial pressure of C 2 H 2 and found an 
optimum for 5 Torr. Cheng et have replaced C 2 H 2 by C6H6 (together 
with H 2 ) and added a small amount of thiophene (temperature between 
1100 and 1200°C, reaction time between 1 and 30 minutes, or longer). 
They reported the synthesis of long and wide ropes (or ribbons) of SWNT 
bundles, with rope diameters of 100 pm and length up to 3 cm. The 
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ribbons consisted in roughly-aligned bundles of aligned SWNTs (diameter 
ranging from 1 to 3 nm). Thiophene (source of S) was claimed to increase 
the yield of SWNTs. The SWNTs presented some amorphous carbon 
deposit on the surface of the bundles, together with catalyst particles and 
carbon blacks, suggesting that the product would require some 
purification before use. Nikolaev et al} have reported a very promising 
process (HipCO), based on the catalytic decomposition of CO over Fe 
nanoparticles formed by thermal decomposition of Fe(CO)s. The pressure 
of CO was varied between 1 and 10 atm. has an important effect on the 
selectivity of the process: increasing the pressure led to a narrower 
diameter distribution of the SWNTs, together with a decrease of the mean 
diameter. The optimal conditions are a temperature of 1200°C and a 
pressure of 10 atm. In these conditions, the process (which could be a 
continuous one) yielded around 15 mg of product per hour. The SWNTs 
are individual or gathered into small bundles, and are decorated with 
numerous metal particles. These latter can be removed by air oxidation 
(200°C, 24h) followed by HCl washing^. Ajayan's group*'’ has recently 
reported the synthesis of very long SWNTs ropes, up to 20 cm. The 
process involved ferrocene as the catalyst, and n-hexane as the carbon 
source, with additions of thiophene. The large ropes had a diameter close 
to 15 pm but were made of SWNTs ranging from 1.1 to 1.7 nm. As in the 
previous case, sulphur seemed to increase the selectivity towards SWNTs. 
The process used a vertical furnace and the use in continuous was 
proposed. 

2.2 Supported catalytic nanoparticles formed in situ by 
reduction of oxide solid solutions 

This process was first proposed by our group in 1997 " for the 
synthesis of SWNTs together with MWNTs. It is based on the selective 
reduction of Al2_2xFe2x03 solid solutions by H2/CH4 mixtures at a 
temperature between 900 and 1070°C. Heating (from room temperature), 
dwelling (if any dwell) and cooling down are done in the H2/CH4 
environment. The characterisation of the samples is achieved both by 
macroscopic (Carbon elemental analysis, BET surface area measurements, 
X-Rays diffraction (XRD), thermal analysis) and microscopic (SEM, 
TEM, Raman spectroscopy) techniques. We have proposed a macroscopic 
characterization method based on the determination of the carbon quantity 
in the powder (C„) and on specific surface area measurements’’ This 
allows us to calculate a parameter (AS) representing the quantity of CNTs 
and a parameter (AS/C„) representing the quality of the carbon, a higher 
figure denoting the presence of tubes with a smaller diameter and/or 
CNTs with less walls and/or more carbon in a tubular form*. We have 
shown that the selective reduction in H2 of oxide solid solutions such as 
0t-Al2-2xFe2xO3 leads to Fe-Al203 nanocomposite powders containing Fe 
nanoparticles (< 10 nm in diameter) both inside and at the surface of the 
AI2O3 grains. The particles start to form at a relatively high temperature 
(in the range 600-800°C). It was further shown” that the reduction in a 
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H2-CH4 atmosphere allows to use the freshly formed surface Fe 
nanoparticles to form the CNTs. CH4 decomposes on the nanoparticles 
and supplies them with carbon which accumulates until the saturation in 
carbon is reached. The nucleation and growth of CNTs then takes place, 
stopping the particle growth. The so-obtained powders contain an 
enormous amount of SWNTs and thin MWNTs, with a very homogenous 
dispersion of the CNTs which probably could not be matched by methods 
involving a mechanical mixing. Incidentally, to the best of our knowledge, 
this was the first time that the formation of SWNTs by CCVD from an 
hydrocarbon was reported. Several parameters related to the starting oxide 
material have been investigated in order to increase the proportion of 
CNTs with respect to the other carbon species (carbon nanofibres, 
graphitic shells, disordered carbon) in the first place and then to improve 
the selectivity of the process towards SWNTs or DWNTs. 

These parameters include the iron content'^, the crystallographic 
form'^ and the specific surface area''^ of AhOs-based solid solutions. The 
effects upon the CNT formation of some parameters related to the 
experimental conditions of the reduction, such as the composition of the 
H2-CH4 atmosphere, the reduction temperature and the time spent at that 
temperature have also been examined'* ’*. 

The nature of the metallic phase (Fe, Co, Ni and their binary alloys) was 
also investigated'*’ with MgAl 204 -based solid solutions (This was not 
possible using Al 203 -based oxides because only ions at the oxidation state 
+III could be stabilized in the oxide matrix). Preliminary work on the 
MgAl 204 system’* (Fe, Co or Ni in different concentrations) indicated that 
an increase in the transition metal content of the catalyst yielded more 
CNTs (up to a metal content of 10.0 wt. %), but caused a decrease in the 
carbon quality. The best compromise was to use 6.7 wt. % of metal in the 
catalyst. Co gave superior results with respect to both the quantity and 
quality of the CNTs. In the case of Fe, the quality was notably hampered 
by the formation of FesC particles. Working with a binary alloy between 
Co and Mo was then found to be the best compromise between an 
important quantity of CNTs while preserving a good quality’". The control 
of the experimental CCVD parameters using MgO-based^” solid solutions 
allowed us to obtain a rather good selectivity towards the number of walls 
of the CNTs, 80% of which are SWNTs and DWNTs. The CNTs are, 
again, very well dispersed within the oxide matrix grains and their specific 
surface area can be as high as 980 mVg (Co with an addition of Mo). 
Furthermore, it was also shown that when using MgO-based solid 
solutions, a simple soaking in FICl allows separating the CNTs from the 
metal and MgO matrix without damaging thern^”. All these experiments 
on different systems revealed the necessity of reducing true solid 
solutions. For example in the case of Mgi.xCOxO, we have investigated the 
solubility limit of CoO within MgO, in our synthesis conditions^”. We 
have thus varied x from 0 to 0.4 and characterised by XRD the 
corresponding oxides (Fig. 1). It is clear from the XRD data that from 
x = 0.15, the oxide is no more a solid solution and the peaks 
corresponding to C 03 O 4 are clearly visible, their intensity increasing with 
the Co loading. In these conditions, the oxide is rather a mixture of Mgi. 
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yCOyO (with y < x) and C03O4. This latter oxide, more easily reducible 
than Co^^ in the solid solution, will thus be reduced first, at lower 
temperature. As a consequence, it will give larger Co particles (because it 
is also very likely that at such a low temperature CH4 could not yet be 
catalytically decomposed on these particles), which, in turn, will later lead 
to the growth of carbon nanofibres. 




©MgO 

C03O4 



x= 0.4 
x=0.3 



x = 0.025 



2^ (degrees) -CuKa 

Figure 1: X-Ray diffractograms of Mgj.xCOxO oxides (0 < x < 0.4). 



This is verified rather clearly on the SEM images of the CNTs-Co- 
MgO composite powders prepared by CCVD on these oxides (Fig. 2): 
carbon nanofibres appear very clearly as soon as x > 0.2. The ratio of 
carbon nanofibres then increases regularly with the Co loading, as well as 
their thickness. The observation of such fibres, related to the presence of 
the oxide C 03 O 4 in the starting catalyst, is similar to what happens in the 
case of the Al 2 - 2 xFe 2 x 03 system when x > 0. 1 . In that case, the catalyst is in 
fact a mixture of two separated solid solutions, one being hematite-rich. 
Similarly, the early reduction of the latter is responsible for the formation 
of large Fe particle which later catalyse the formation of very similar 
carbon nano fibres. 
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x = 03 x = 0.4 



Figure 2\ SEM images of the CNT-Co-MgO composite powders obtained 
from Mgi.xCOjjO oxides (with x = 0.1, 0.2, 0.3 and 0.4). 

Our latest results obtained with the MgO system^' are very promising 
for the large-scale production of DWNTs because we managed to prepare 
in one unique batch 1.3 g of CNTs (77% of which are DWNTs, only less 
than 5% triple-walled CNTs; purity: around 98 at.% of carbon) from 10 g 
of Mgo.99(Coo.oo75Moo.oo25)0 These DWNTs have been fully 
characterised^’’ and Raman spectroscopy even suggests that the inner 
and outer wall of some of the DWNTs could be observed separately 
(RBM peaks). 

In order to improve both the accessibility of the metal and the diffusion 
of the gases by increasing the open porosity, oxides foams^^ have also 
been prepared by the gelcasting-foam method. Processing the solid 
solution in the form of a highly (98%) porous foam allowed to multiply by 
4 the amount of CNTs, because the surface accessible for CH 4 
decomposition during the CCVD was greatly enhanced. 

2.3 Supported catalytic nanoparticles formed after 
impregnation of a support by salts in solution 

The first example in this category is also the first example of synthesis 
of SWNTs by CCVD. Reported by Dai et it was based on the 
catalytic decomposition of CO on Mo nanoparticles supported over AI2O3 
particles. The AI2O3 particles were first impregnated by a solution of a Mo 
salt in methanol. The catalyst was calcined and ground before the CCVD 
step. This led to the growth of mainly individual SWNTs, with diameters 
ranging from 1 to 5 nm, in close correlation with the size of the catalytic 
particle found attached to the tube end. The growth mechanism proposed 
by the authors (Yarmulke mechanism) was original and proposed the 
formation in the early stage of a graphene cap (the so-called yarmulke) 
with its edges strongly chemisorbed onto the metal. Newly arriving 
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carbon would continue to assemble on the surface of the catalyst. Since 
the basal plane of graphite has an extremely low surface energy, the total 
surface energy diminishes. Newly arriving carbon will continue to 
assemble on the surface of the catalyst. There are three places for 
additional carbon to go. (1) The original surface shell can continue to 
grow around the particle, which ultimately results in the over-coating and 
deactivation of the catalyst. (2) A second cap can form underneath the 
first, spaced by roughly the interspacing of graphite. As additional caps 
form, older caps are forced to lift up by forming a cylindrical tube whose 
open end remains chemisorbed onto the catalytic particle. (3) Carbon can 
add to the cylindrical section of a growing layer. A crucial feature of the 
yarmulke mechanism is the avoidance at all stages of growth of any open 
edge, which would expose energetically costly dangling bonds (see ref 2 1 
for a scheme of the Yarmulke mechanism, from the descriptions provided 
in the original paper by Dai et 

Hafrier et have impregnated AI 2 O 3 particles with Mo and Fe/Mo 
mixtures (dissolution in ethanol) and used either CO or C 2 H 4 as the carbon 
source. In the case of C2H4, a pre-reduction of the oxide was realised by 
heating the catalyst in a mixture of Ar and H 2 , before introducing the 
hydrocarbon. The authors reported that only pure Mo led to the formation 
of only SWNTs, with a very narrow diameter distribution (0.8-0. 9 nm). In 
the case of the Fe/Mo mixture and whatever the carbon source, mixtures 
of SWNTs and DWNTs were obtained in various ratios. In the case of 
C 2 H 4 , increasing the temperature from 700°C to 850°C led to an increase 
of the ratio of DWNTs from 30% to around 70%, respectively. However, 
the samples contained important amounts of graphitic shells. A model was 
proposed to describe the variation of the energy of formation of SWNTs 
and carbon shells versus their diameter. The comparison of the data 
indicated that nanoparticles having a diameter less than 3 nm would 
favour the formation of SWNTs. On the contrary, the formation of carbon 
shells would be favoured if the diameter was larger than 3 nm. 
Harutyunyan et al?^ have studied more in details the influence of the pre- 
reduction of the nanoparticles before the introduction of the carbon 
source. They used also Fe or Fe/Mo mixtures as the catalyst, supported 
over AI 2 O 3 (impregnation from solutions in methanol). They reported that 
it was possible to grow SWNTs at a temperature as low as 680°C if the 
catalytic nanoparticles were previously reduced (H 2 :He 1:9 at 500°C 
between 10 and 20 hours), before the introduction of the carbon source 
(CH4). The resulting SWNTs were individual or gathered into small 
bundles and contained some amorphous deposits, as well as catalyst 
particles. As many other authors, they note that Fe:Mo yields more 
SWNTs than Fe alone. Our last example of catalytic nanoparticles 
prepared by impregnation of a support was reported by Maruyama et al?^ 
and deals with the impregnation of a zeolite with Fe and Co salts. The 
carbon source, alcohol (methanol or ethanol), is the original part of the 
work. The pressure of alcohol is rather low (5 Torr) and the optimal 
temperature comprised between 800 and 900°C. They reported that the 
diameter of the SWNTs increases with the CCVD temperature. 
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2.4 Pre-reduced supported catalytic nanoparticles 

In the following examples, the catalytic nanoparticles were 
deliberately formed before the introduction of the carbon source. The first 
example comes from Resasco's group and involves Co and Mo as the 
catalytic species, and Si02 as the support. The carbon source is CO 
^^.The characterisation of the CCVD samples by Temperature 
Programmed Oxidation (TPO) analysis allows an easy comparison of the 
samples (TPO measurements are conducted by passing a continuous flow 
of 5% O2 in He, while the temperature is linearly increased at a rate of 
12°C min). The corresponding salts were dissolved in water and used to 
impregnate the Si02 support, before air calcination followed by reduction 
in H2 at 500°C. CO together with He was then introduced at 700°C. Pure 
Mo did not allow the production of SWNTs, and pure Co led to a mixture 
of SWNTs and MWNTs. However, a clear synergistic effect of the 
combination of the two metals was brought to light, leading to almost only 
SWNTs (no MWNT, no graphitic carbon, but however presence of metal 
nanoparticles). This was seen clearly by TPO and confirmed by TEM 
observations. The last example concerns the use of calibrated Fe 
nanoparticles prepared by decomposition of Fe(CO)5 in organic acids 
(oleic, lauric, octanoic)^”. The stabilised metal clusters were then reduced 
in H2/Ar at 800°C before introducing a hydrocarbon (C2H4 at 800°C or 
CH4 at 900°C). A clear correlation was found between the original size of 
the Fe clusters and the diameter of the corresponding SWNTs. However, 
the samples did not contain only SWNTs and the proportion of CNTs with 
two or more walls increased with the Fe particle diameter. This is in good 
agreement with the model proposed by Hafner et described 

previously. This is also in good agreement with our experimental results 
and confirms once more the importance of controlling the size of the 
catalytic nanoparticles. Replacing C2H4 by CH4 resulted in cleaner CNTs 
(less amorphous deposit). It was also reported that the hydrocarbon partial 
pressure had to be increased when large CNTs were to be formed (large 
Fe clusters). 

3. CONCLUSION 

CCVD is a very efficient method to grow SWNTs and DWNTs. Many 
different processes are available and the common feature for all of them is 
the use of catalytic nanoparticles, which have to be as small as possible. 
There is a general agreement that Fe and Co give better results than Ni, as 
far as SWNTs and DWNTs are concerned (this is not true anymore for 
MWNTs). The nanoparticles can be produced by different methods. When 
they are formed by decomposition of an organometallic precursor, the best 
results are obtained with iron (ferrocene or Fe(CO)s). The addition of 
small amounts of sulphur (thiophene) has a positive effect and increases 
the selectivity towards SWNTs. This could be attributed to the lowering of 
the melting point of the catalytic metal. When the catalytic nanoparticles 
are supported over oxides (typically AI2O3, MgAl204, Si02 or MgO), Co 
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seems to be the more efficient metal whatever the way the nanoparticles 
are produced (selective reduction of an oxide solid solution, impregnation 
of the support by a precursor, generally a salt such as a nitrate or chloride, 
which is then converted to an oxide by thermal decomposition). Mo plays 
an important role, when it is mixed with another metal (Fe, Co), and 
always increases the yield; however, it does not systematically increase 
the selectivity towards SWNTs (this seems to depend to some extent on 
the carbon source used). Some results indicate that the higher the 
proportion of Mo the higher the selectivity (with CO), but some others 
find an opposite behaviour (using CH4). Amongst carbon sources, CH4 
gives the cleaner CNTs (with less or no amorphous carbon deposit at all). 
Unfortunately, the use of CH4 requires higher temperatures than C2H2 and 
C2H4 and thus is not adapted to all the substrates. The use of alcohols as 
the carbon source is promising (ease of use, low cost). There is no 
"magic" temperature for the CCVD process and it has to be optimised for 
each catalyst, and for each carbon source. CCVD is a very flexible 
method, allowing some degree of control of the diameter of the CNTs 
(control of the diameter distribution) and the number of walls (distribution 
of the number of walls). This is mainly obtained by the control of the 
diameter of the starting catalytic nanoparticles. However, some important 
characteristics, such as the length or the chirality of the CNTs, are still out 
of control (whatever the synthesis method). 
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Abstract: This overview focuses on the fabrication technology and on 
the properties of precise nanotubes and nanofibers formed from 
monocrystalline A3B5 or Si/GeSi strained heterofilms, or from hybrid 
films. Experimental results on the batch formation of solid-state micro- 
and nanotubes, and helical fibers are described. The nanotubes and 
nanofibers fabricated offer much promise as building blocks for 
nanoelectronic and nanomechanical devices, their fabrication technology 
being quite compatible with the well-established integrated-circuit 
technology. 

1. INTRODUCTION 

Nanotechnologies aimed at fabricating novel nanoelectronic and 
nanomechanical devices and creating novel materials, including 
nanofiberous ones, are rapidly progressing [1]. 

Many problems remain to be solved in this field of research until these 
applications become practical [1, 2]. The most important issue is to 
control the size and position of self-formed tubes, shells and fibers more 
precisely with atomic-scale accuracy. In nano structuring. Nature gives 
unprecedented examples which Mankind still fails to surpass. Nature 
constructs natural objects from perfectly precise building blocks, 
individual molecules and atoms, assembling them in more complex 
formations using self-formation and self-organization processes. An 
example of natural nanofibers is given by desoxyribonucleic acid (DNA), 
whose diameter is only 2 nm, with a length of up to several meters. Most 
importantly, DNA can be controllably transported through nanotubes, for 
instance, through bacteriophage proboscises 5 nm in diameter. Mankind is 
now coping with the problem of creating precise fibers with ultimately 
small, atomic-scale diameters, and assembling them in desirable 
architectures. 

Some of the first steps towards this goal were made in our works [3- 
10] describing a new method that makes it possible to reach molecular 
precision in nano structuring. This method employs a self-rolling 
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procedure intended for rolling cylindrical nano-objects from strained 
semiconductor heterofilms detached from substrates. With this method, 
we succeeded in obtaining a new class of nanostructures (tubes, scrolls, 
spirals, rings, etc.). We fabricated free-standing solid nanotubes with 
diameters down to 2 nm [3] and lengths up to 1 cm, whose properties 
make it possible to consider them as fibers. We proposed methods for the 
directional rolling of films and formed ordered arrays of nanotubes and 
other nano-objects that can be used as templates for producing polymer 
nanofibers [5, 6, 10]. 

The present review focuses on new methods for fabricating precise 
nanotubes, nanoshells and nanofibers. The emphasis on the new method is 
intended for batch production of semiconductor single-crystal and metal 
nanofibers. 

2. METHODS FOR FABRICATING PRECISE MICRO- 
AND NANOTUBES 

Apparently, to produce high-precision nanoobjects, one needs to use 
precise building blocks - atoms, molecules, or macromolecules. Analyzing 
the present-day solid-state technology, we see only one type of artificial 
precise building blocks - molecular-beam epitaxy (MBE)-grown ultra-thin 
epitaxial layers. The thickness of such layers can be controlled in situ with 
atomic precision and can be made as small as one monolayer (ML). Such 
ultimately thin layers constitute planar macro molecules. Molecular-beam 
epitaxy permits a monolayer-by-monolayer growth of multi-layered 
strained uniform heterostmctures. Yet, the individual layers as 
heterostructures are immovable. This circumstance seriously restricts the 
possibilities of their practical application. 

Recently, we proved it possible to detach ultra-thin (down to 2 ML) 
strained bilayer films from substrates on which these films were 
preliminarily grown on, by selective etching of underlying sacrificial layers 
provided between the films and the substrates [3]. Using this possibility, 
we proposed a new method permitting precise fabrication of three- 
dimensional (3D) micro- and nanoshells of cylindrical geometry (tubes, 
scrolls, rings, spirals, etc.) by the self-rolling of strained solid heterofilms 
[3-23]. Like carbon nanotubes [1], the precise nanotubes and nanoshells 
formed in this manner from semiconductors, dielectrics, or metals, can be 
used as building blocks for nanoelectronic and nanomechanical devices 
and as templates for nanofibers. 

It is of utmost importance that, since the starting multilayered films 
have precise in situ controlled thickness and composition, the new method 
enables obtaining precise nano-objects. Below, we give a brief overview of 
an extended version of the fabrication methods of such objects, and report 
some new results on nanostructuring in the fields where substantial 
progress has been currently made. 

The method for fabricating nanotubes from GaAs/InAs strained 
heterostructures [3-4] is schematically illustrated by Fig. 1. The lattice 
constants of free GaAs and InAs layers differ considerably (Aa/a = 7.2%). 
Epitaxial growth of these layers on, say, an InP substrate makes it possible 
to obtain a biaxially strained bifilm whose InAs layer is in-plane 
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compressed to lattice-match the InP substrate, and the GaAs layer is 
tensile-stressed (see Fig. 1, a, b). The GaAs/InAs bifilm can be detached 
from the substrate by selective etching of the underlying AlAs sacrificial 
layer preliminarily grown on the substrate. As the bifilm detaches from 
the substrate, the interatomic forces in the compressed and stretched 
layers tend to accommodate the interatomic distances. These forces in the 
InAs and GaAs layers (Fi and F 2 , respectively) are oppositely directed 
and produce a moment of force that acts to bend the bifilm (Fig. 1, c). As 
a result, the planar bifilm rolls up in a tube-scroll. 




Figure 1.. Schematic representation of the method for forming free-standing bent or 
rolled-up several monolayers thick films, a - free 2ML-thick InAs and GaAs layers with 
naturally mismatched lattice constants (Aa/a = 7.2%); b - matching of the layers at the 
interface between them during their pseudomorfic epitaxial growth; c - bending of the 
GaAs/InAs two-monolayer thick film after its partial detachment from the substrate 
during selective etching of the underlying AlAs sacrificial layer. 



The AlAs sacrificial layer can be selectively dissolved in an HF -based 
solution that does not etch the GaAs and InAs top layers. 

The diameter D of self-formed tubes depends on the thickness d of the 
starting heterofilm and on its elastic stress field. This diameter can 
therefore be precisely predefined in the MBE process in the range 
between several hundreds of micrometers and several nanometers. The 



diameter D of the rolled-up film can be predicted by the formula [24] 



^_1 1 {d,+d^f 

ha! a did2 
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where di and d 2 are the thicknesses of the two layers and Aa/a is the 
lattice mismatch. In derivation of the above formula, the equality between 
Young’s module of the two materials was assumed. Our experiments 
show [3] that this formula is valid for rolled-up bifilms with <i>4ML. It 
should be noted that, conceptually, we have a molecular technology that 
deals with inorganic 2D-macromolecules (molecular MLs). Since the 
thickness and composition of molecular MLs can be precisely controlled, 
the nanostructuring method outlined above enables obtaining precise 
nanoobjects. 

The key point in detaching an ultra-thin film from the substrate is the 
free access of etchant to the sacrificial layer that becomes possible as the 
strained film bends away from the substrate. It is the factor that allows 
using ultra-thin sacrificial layers that provide for the even etch front and 
high quality in nanotube fabrication. 
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3. EXPERIMENTAL RESULTS 

High quality of MBE-grown heterostructures makes it possible to obtain tubes 
with diameters down to 2 nm and atomically smooth and uniform walls. 
Moreover, not only nanotubes, but also 3D nanostructures of many other types 
can be obtained from strained bilayers. To fabricate them, the self-rolling and 
bending processes were applied to planar lithographically patterned mesa- 
structures of various (e.g., triangular, square, circular, etc.) geometries. In this 
manner, spirals, rings, and other complex shells have been fabricated [3-9]. 

Reliable information on the dimensions of rolled nanotubes and on the 
morphology of their walls can be gained by means of High-Resolution 
Transmission Electron Microscopy (HRTEM). An HRTEM study of formed tubes 
can be best-performed using tubes protruding over substrate edges. Figure 2. 
exemplifies scanning electron microscopy (SEM) and high-resolution transmission 
electron microscopy (HRTEM) images of such nanotubes (the fall length of the 
InAs/GaAs tubes on the InP substrate could be as large as 1 cm). The inner 
diameters D of the tubes shown in Figs. 2, a, b and c are 1 pm, 120 nm and 3 nm, 
respectively [3]. Individual hilayers forming the thick wall of a tube formed from a 
relatively thick InAs/GaAs bifilm (4ML+4ML) are seen in Fig. 2, h [3]. 

Scroll-shaped tubes prepared from thin initial bi-films roll in hollow cylinders 
with continuous single-crystal walls [3, 7]. Fig.3. The nanofabes with diameters 
less than lOOnm proved to be real tubes, not scrolls [3, 7]. The presence of 
dangling bonds on the film surface facilitates low-temperature bonding: the layers 
are very flexible and readily stick to each other as the film rolls in the tube. 




Figure 2. SEM and HRTEM images of InGaAs/GaAs nanotubes rolled up from bi-layered films, a 
- single-wall scrolls after their collision at the end of the formation process in which the scrolls 
were formed by rolling a lithographically predefined strip from its both ends, b - multiwall (six- 
turn) nanotube rolled from a 4ML GaAs +4ML InxGai.x As bifilm (x=0.6); c) single-wall nanotube 
rolled-up from a 2ML GaAs + IML InAs bifilm. 




51 




|tube wall 



|tube wall 




Figure 3. a) HRTEM image of a nanotube formed from 2MLGaAs+l ML InxGai.xAs(x=0.8) film: 
atomic planes are clearly seen, b) A schematic diagram of the electron-beam trajectory in the 
HRTEM study of a two-coil nanotube, c) A HRTEM cross-sectional image of the wall formed by 
two coils in an InO,5GaO,5As/GaAs (5ML/14ML) tube of 200 nm diameter. The white arrows show 
dislocations at the bonded interface; the observation of these dislocations proves that the wall as 
indeed a single-crystal one. 



Not only the inner diameter of formed tubes, but also their other 
parameters can be precisely predefined prior to starting the film rolling 
procedure. Using this approach, it appeared possible to obtain tubes 
consisting of up to forty film turns (Fig. 4a). It should be noted that tubes 
with different numbers of film turns (and, hence, with different wall 
thicknesses) could be controllably fabricated on the same substrate (see 
Fig. 4,b) [3]. 




Figure 4. a) - photograph of an InGaAs/GaAs microtube fomed by 40 turns of the initial 
InGaAs/GaAs bifilm, Dj and D 2 are the inner and outer diameters of the microtube, b - SEM image 
of nanotubes with different outer diameters formed from a 2ML GaAs+lML InAs bifilm. The line 
in the figure marks the place from which the film rolling was initiated. The arrows show the rolling 
directions. The right and left tubes are made by 25 and 12 film turns, respectively. The typical tube 
length is 1-2 mm, and the inner tube diameter is smaller than 10 nm. c - three-turn microtube. 



So far, we have dealt with nano-objects in precisely only two 
dimensions (precise D). The approach can be further extended to permit 
fabrication of objects perfectly controlled in three dimensions. Two 
examples concerning this point are given below [7, 14, 16]. For practical 
applications, it is of utmost importance not only to have precise-diameter 
tubes, but also tubes with perfectly controlled length and desired number 
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of film turns as well as scroll separations between individual film turns 
controlled with high accuracy at the nanometer scale. 

To fabricate nano tubes of precise length, we proposed a method that 
includes the following steps. First, an array of V-grooves was prepared on 
a starting multilayer hetero structure (substrate-AlGaAs-GaAs-AlGaAs- 
GaAs) (Fig. 5). Secondly, by means of selective MBE growth, a sacrificial 
layer and a strained InGaAs/GaAs bilayer were grown on the precise 
GaAs strips available on the sidewalls of V-grooves. The width of the 
GaAs strips on the sidewalls of the V-grooves was controlled with high 
accuracy. Under the experimental conditions adopted, no growth occurred 
on the adjacent oxidized side AlGaAs strips. 

By the subsequent etching of the sacrificial AlAs layers, self-rolling 
of the InGaAs/GaAs strips in tubes was initiated (Fig. 6). The proposed 
technique ensures good reproducibility of all dimensions of nanotubes and 
their exact positioning on substrates [7]. 






Figure 5. Schematic diagram of an array of V-grooves fabricated in the initial 
GaAs/AlGaAs/GaAs/AlGaAs heterostructure. 




GaAs 



GaAs 

AlGaAs 



AlGaAs 
substrate 

a) 



Figure 6. a) Schematic representation of the process in which an InGaAs/GaAs strip was scrolled 
in a nanotube. The InGaAs/GaAs strip and the AlAs sacrificial layer were selectively grown on the 
sidewall of a multilayer heterostructure; b) SEM image of the resultant InGaAs/GaAs tube 
fabricated on the sidewall of the GaAs layer. The white arrow shows the rolling direction. 



Nanotubes described above possess a number of interesting mechanical, 
geometrical, electrical, magnetic, and quantum properties very important 
from a practical point of view. Among such properties of the tubes are 
their remarkable strength and elasticity. If compressed with a force normal 
to their axes, the tubes assume an elliptical shape. For example, our 
experiments [3] showed that multi wall, three-tum InGaAs/GaAs tubes of 
I -pm diameter and lOO-pm length fabricated from a 10-nm thick film can 
withstand a 10-g load. Our estimates show that dense arrays of tubes on 
the substrate surface prepared by the new technology can withstand a load 
amounting to several tons/cm 2. Tubes made by many film turns 
withstand the action of capillary forces. In the formation of single-turn 
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tubes and nanofibers, which will be described in the next section, the most 
challenging problem is the deformation of these objects. Deformation of 
such delicate nanotubes and nanofibers, and their sticking to the substrate, 
occurs during the final drying procedure under the action of capillary 
forces produced by the evaporating liquid. A marvelous solution to this 
problem is offered by the supercritical drying technique, which uses a 
zero-surface-tension supercritical (SC) fluid and permits drying single- 
turn nanotubes without subjecting them to surface tension-induced 
mechanical actions [22,23]. Under supercritical conditions, there are no 
gas/liquid interfaces in the system, and the process guarantees a 
continuous density change from liquid to gas. This makes it possible to 
eliminate all surface-tension-induced problems that might result in 
mechanical failure of suspended parts of the system. We used SC carbon 
dioxide for successful! drying arrays of nanotubes. 

The difference zlP between the atmospheric pressure Pa and the water 
pressure Pw is given by the Laplace law: 

AP=P,-P^ = 2a/r (2) 

where cris the surface tension of water (7. 310'^ N/m) and r is the radius 
of curvature of the water/air interface near the tube wall. 




Figure 7.. Schematic illustration of a single-turn GaAs/InAs nanotube before and after collapsing, 
a- the tube and the narrow capillaries between the tube and the substrate are filled with water; b- 
collapsed tube after evaporation of the water. 




Figure 8. SEM images of collapsed and uncollapsed tubes rolled from a 12ML GaAs / IML InAs 
heterofilm. The white arrows show the direction of tube rolling from the scratches. The tube rolled to 
the left from the scratch a) is completely collapsed, stuck to the substrate and deformed such in case 
shown in Fig. 7b 
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It is worth noting that precise nanostructuring requires the elimination of 
detrimental factors seriously affecting the final results of the fabrication 
technology. First, the etching procedure for sacrificial layers should retain 
other layers in the structure intact to the largest possible degree. The 
etching selectivity ratio of the two materials in the technology for 
fabricating precise tubes should be not less than 10^ (for AlAs and GaAs 
layers, this ratio amounts to lO'^). Secondly, the drying procedure after the 
wet-etching of sacrificial layers should be performed under optimal 
conditions preventing the destructive action of capillary forces (here, for 
instance, we mean the supercritical CO 2 drying technique described in [23, 
24]). 

Polymeric fibers were produced employing the capillary filling of 
InGaAs/GaAs tubes with a polymer (polystyrene) with subsequent etching 
of the InGaAs/GaAs layers [8]. Another method was polymer drawing 
through a tube. To accomplish this goal, it is necessary to reinforce the 
tube walls. This was done by using multi-turn tubes (fig. 4) or by 
overgrowing tubes, which led to the formation of a system of precise 
hollow micro- or nanochannels in, say, a semiconductor material [3]. 
Figure 9. shows InGaAs/GaAs tubes epitaxially overgrown on the 
substrate. 

Polymeric fibers were also obtained by drawing a polymer through a 
narrow nozzle. In addition to the above-indicated problems, there arises a 
problem of eliminating the destructive action of capillary forces. 
Integration of nanotubes into complex electrical, thermal and other circuits, 
and the possibility of using almost arbitrary materials for their production 
make it necessary to eliminate the capillary forces. 




To make it possible to prepare other types of 3D nanostructures from 
strained bifilms, we developed several methods for unidirctional film 
rolling [5,6,10,18,19]. These methods allow one to produce not only 
single shells, but also highly ordered arrays of such shells. 

Above, nanotubes prepared from single-crystal semiconductor films 
were considered. In our works [25], we showed how hybrid micro- and 
nanotubes (metal, semiconductor, metal-dielectric-semiconductor, 
semiconductor-Langmure-Blodgett film) can be fabricated. 

Obviously, for a number of practical applications in nanomechanics, 
magnetoelectronics and vacuum electronics, nanofibers prepared not only 
Ifom semiconductors, but also metals are required. Metals are attractive 
for their high electrical conductivity (superconductivity), and for their 
remarkable mechanical and magnetic properties. To fabricate metal 
nanotubes and nanofibers by the proposed method, it is required to create 
a metal bifilm composed by tensile-stressed and compressed layers, and 
also to provide for the possibility of detaching the bifilm from the 
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substrate with the help of a sacrificial layer. In nanofiber manufacturing, 
we are oriented on the low-cost manufacturing process - sputtering of 
metals onto large-diameter substrates. It is well known that thin metal 
films can be prepared either tensile-stressed or compressed [26], with in 
situ controlled value and sign of the internal stress. The majority of 
refractory metals such as gold, chrome, nickel, tungsten or iron; when 
sputtered onto cool substrates under clean conditions; form tensile- 
stressed films [26]. Depositing films in the presence of impurities can 
change the situation. Then, one often finds the formation of compressive 
stresses. For instance, nickel or titan sputtered in a vacuum system in the 
presence of oxygen or hydrogen, form compressive stressed films[26]. 

The rich variety of metals with various chemical properties allows one 
to provide for the easy detachment of bifilms from substrates (the etchant 
for the sacrificial layer should not interact with the bi-film material) 
through an optimum choice of the sacrificial-layer material. It should be 
noted that, in the proposed technology, no special requirements are 
imposed on the substrate material, and one and the same substrate can be 
repeatedly used in the manufacturing process. Owing to the fact that 
metals usually display excellent plasticity, the Au/Ti nanotubes (Fig. 10.) 
prepared from them exhibit the following properties which are of primary 
significance for fabricating nano fibers: 1) the maximum tube length is 
restricted by the substrate diameter only; 2) after detachment of a tube 
Ifom the substrate, the tube can be bent without any mechanical failure; 3) 
after plastic deformation of formed nanotubes, it is possible to obtain flat 
nanofibers with smooth edges, which can be used to weave, to knit, or to 
produce various architectures; 4) the tubes can be elongated by stretching. 




Figure 10. SEM image of an Au/Ti nanotube ruptured by cleaving the substrate. 
The monolithic cross-sectional structure of the nanotube can be easily seen. 



The above-described stress-driven process makes it possible to produce 
not only Ifee-standing and epitaxially overgrown nanotubes, but also a 
wide variety of other 3D nanostructures. To fabricate them, we applied the 
self-scrolling process to initial mesa-structures of various (e.g., 
rectangular, triangular, square, circular, etc.) geometries. 

Using multilayer structures containing more than one bilayer we 
demonstrate the possibility of fabrication multiple tube configurations 
(tubes adjacent each other and Russian Dolls). More complex nanoobjects 
Ifom bilayers with laterally modulated properties have been obtained [10]. 
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4. SINGLE-CRYSTAL SEMICONDUCTOR AND 
METAL NANOFIBERS 

For practical applications nanofibers prepared from semiconductors and 
metals are required. Solid-state nanofibers are attractive for quite a number of 
properties important for their applications, including high electrical conductivity 
(superconductivity), mechanical and magnetic properties. Unlike the traditional 
methods for creating (polymeric) nanofibers from polymer solutions and catalyst- 
assisted synthesis, we propose the preparation of nanofihers untra-thin films 
detached from substrates. Two fundamentally differing methods can be used to 
obtain nanofibers. The first method uses the nanostructuring of a grown thin film 
by means of electron-beam or mechanical lithography followed by its detachment 
from the substrate. The second is based on the selective epitaxial growth of an 
array of thin- film nanostrips followed by the bending procedure. 




Figure 11. Schema of nanofibers dense array formation from multilayer thin film structure. The 
process includes lithographic patterning and stress-driven detachment of fiber from substrate. 

Figure 12 illustrates the first experiments on forming semiconductor 
nanofibers fabricated from ultra-thin strips detached using a stress-driven 
process. The upper part of the figure schematically shows a 
lithographically patterned thin-film structure. Shown in the bottom is a 
SEM image of prepared nanofibers. Note that the nanofibers display 
excellent flexibility and mechanical strength. The final technological step 
was drying in air; the action of capillary forces seems to cause no damage 
to the fibers, just slightly displacing them. Figure 13 exemplifies a single 
Si/SiGe (15 nm /5 nm) nanofiber prepared by means of mechanical 
lithography pattern. We failed to break the nanofiber by bending it. The 
nano fibers shown in Fig. 12, 13 were prepared from a single bifilm; as a 
matter of fact, to prepare nanofibers, one can use multi-layered films 
consisting of up to 300 bilayers with compensated stresses, which will 
make it possible to obtain dense arrays of nanofibers. By placing a dense 
array of such tubes in a polymer, one can obtain a composite material. 

The second method for fabricating precise fibers, with which the future 
undoubtedly lies, is based on selective epitaxy. 

As starting precise building blocks here, precise thin-film strips grown 
on sidewalls of a multilayered structure are used (fig. 12) [7]. Previously, 
we showed that the width of sidewall strips in MBE-grown 
heterostructures can be on the nanometer scale and perfectly controlled 
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[7]. It is important that this method can be used for batch production of 
precise nanofibers. One of possible variants is to use periodically profiled 
multi-layered structures (arrays of V grooves, for instance) 




Figure. 12 SEM image of nanofibers formed 
by electron-beam lithography cutting of a 
thin Si/SiGe bifilm (15 nm /5 nm) followed 
by detachment from the substrate 




Figure 14. a) Scheme of formation of helical fibers, b) The helical fibers tangled by capillary 
forces during evaporation drying, but not broke, c) Segment of InGaAs/GaAs helical fiber dried in 

supercritical C02. 



In Figure 14a is shown a scheme of formation of helical fibers. Narrow 
strip of a (100) InGaAs/GaAs bilayer misoriented from the [010] 
direction, which were rolled up in a helical springs. The rolling of strips is 
clearly influenced by the anisotropy of Young's modul in A3B5 crystals 
[3]. The spacing between the spirals in a helical coil will be determined by 
the value of the misorientation angle. 

Figure 14c shows a helical fiber obtained with the help of the supercritical 
CO 2 drying procedure [22, 23]. From this figure, perfect periodicity of the 
spiral is evident (the minimum diameter of the fabricated InGaAs/GaAs 
spirals was 7 nm). 
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As initial precise building blocks in the proposed approach, not only 
MBE-grown ultra-thin strained bifilms can be used, but also precise strips 
prepared from heterofilms. We showed previously that the strip width can 
be made as small as several nanometers, being predefined with high 
accuracy [7]. One example of single-crystal fibers is illustrated by Fig. 13 
The thickness and width of the Si/Ge/Si nanofiber shown in this figure are 
respectively 20 nm and 100 nm, while the length amounts to 200 pm. 
Here, we have a single fiber obtained from one film; it should be borne in 
mind, however, that the present-day epitaxy allows growing stacks 
composed by thousands of layers, permitting fabrication of a tremendous 
number of fibers in one process. Next, I see no obstacles to preparation of 
semiconductor or metal fibers as long as substrate diameter. The diameter 
of presently available semiconductor substrates is of the order of 30 cm, 
and the total number of ultra-thin layers which can be grown on such a 
substrate can be as high as 300; hence, the total number of 20-cm long 
fibers which can be obtained on one substrate amounts to 10^. The total 
surface area of strained films grown on one substrate can amount to 30 
m^. In the immediate future, substrates of much larger diameters will 
become available. 



5. PROPERTIES AND APPLICATIONS OF FORMED 
NANOSHELLS 

The obtained solid-state fibers are very flexible, demonstrating 
simultaneously high mechanical strength and high elasticity. When bent, 
they never break. The strain A/// in a bent film equals d/R, where d is the 
film thickness and R is the radius of curvature. To obtain, by film bending, 
a 10% strain leading to mechanical failure, it is required to bend a 1-nm 
thick film to a radius of the order of 10 nm. Such radii of curvature cannot 
be obtained in ordinary cases. 

The fabricated free-standing precise nanotubes and nanospirals exhibit a 
number of properties inherent to nanofibers, the most remarkable one 
being their extraordinary flexibility. The upper part of the nanotube image 
in Fig. 2, c looks smeared. This smearing was caused by the oscillatory 
motion of the nanotube under the action of the electron beam. The 
amplitude of the oscillations increased with increasing the tube length 
protruding over the substrate edge. 

Such a spiral nanofiber can easily be unbent by relaxing the internal stress 
in the structure using selective etching of one of the two layers. On the 
other hand, for practical applications in which fibers work in tension, it 
may be possible to produce arrays of tightened up fibers (helical springs). 
Thus, the fabricated single-crystal (semiconductor or metal) nanofibers, 
possessing the main properties of common nanofibers, offer a number of 
additional merits. These include high precision, high stability to external 
factors (temperature, pressure, illumination, etc.). It is of importance that 
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such fibers can be assembled in well-ordered arrays and other desirable 
architectures. 

The above-described nanotubes and other shells possess many 
extraordinary mechanical, electrical, optical properties very important 
from the practical point of view. Below, we focus on the quantum 
phenomena that can be observed in formed nanoshells and have 
considerable practical potential. 

The theory of quantum phenomena in structures with curved surfaces is 
currently the subject of many studies and needs to be further developed. 
Our experimental results on fabrication of nanotubes and nanoshells 
initiated a series of theoretical works in the field of research dealing with 
quantum properties of such structures (e.g. [25, 26]). In [26], it was shown 
that any curved electron-gas-containing film placed in a magnetic field 
should generate spin-polarized currents. This effect opens up new 
possibilities in using spin currents in integrated solid-state spintronic 
devices. 

First experiments on studying the magnetotransport properties of two- 
dimensional electron gas in rolled-up quantum wells were reported in 
[17]. The stress in a rolled film substantially affects the film-material 
properties [11, 27]. In [11], quantum properties of InAs/GaAs nanotubes 
were studied; the numerical results revealed spatial separation of charge 
carriers (electrons and holes) in nanotube walls (Fig. 15). 




Figure 15. At the left - schematic representation of an InAs/GaAs nanotube. At the right - 
position of the conduction-band (1) and valence-band (2) edges in the tube wall, and the enrgy 
position of localized electron (3) and hole (4) states. Spatial separation between the energy levels 
and, hence, the spatial modulation of charge-carrier concentration are evident. 

Micro- and nanotubes constitute excellent objects for studying 
properties of 2D electron gas on cylindrical surfaces, including charge- 
carrier ballistic transport and spin-orbital interaction; they also can be 
used for fabricating electronic interferometers (Aharonov-Bohm rings). 
Narrow-gap semiconductors with near-surface accumulation regions 
enriched with charge carriers show much promise as materials for 
producing narrow conducting channels and thin-walled shells. The 
possibility of creating conducting semiconductor tubes with 2D electron 
gas and metallic nanotubes was demonstrated in [20] and [15], 
respectively. Ultra-thin layers of wide-gap semiconductors can be used to 
prepare tunnel barriers. 

A most intriguing and surprising property of InGaAs/GaAs nanotubes 
is their stability to oxidation at room temperature [3]. This finding can be 
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tentatively attributed either to changes in the bandgap width of the 
nanostructured composite material due to quantum confinement or to 
surface passivation (during the selective removal of the sacrificial layer, 
the Ga dangling bonds on the GaAs surface have enough time to interact 
with F, yielding inert GaF). 

These films open up fresh opportunities in studying properties of 
semiconductor interfaces. For instance, 2 ML-thick single-crystal 
InAs/GaAs films, in which all molecules can be considered as occupying 
simultaneously surface and hetero-interfacial sites, display such unusual 
chemical and mechanical properties as (i) stability against oxidation [3], 
(ii) bright manifestation of surface-tension forces in their elastic 
characteristics, and (iii) formation of a single-crystal monolithic wall 
structure by means of “flexible” room-temperature bonding [3,7]. 

From the viewpoint of using the above-described semiconductor and 
metal 3-D structures in electronics, the fact is of primary importance that 
these structures are arranged in out-of-plane configurations; for instance, 
the spiral and tube shown in [10] are attached to the substrate only at 
contact pads. This characteristic feature of the structures makes it possible 
to minimize the electrical interaction with the substrate and enables filling 
the tubes with desired substances intended for improving working device 
characteristics. The possibility of rolling films in tubes with more than 40 
film turns was demonstrated. We believe that this possibility will open a 
new way towards fabricating very compact device elements and circuits. 
Obviously, nanotubes custom-designed in their diameter and wall 
thickness have a broad field of possible applications as elements for 
producing nanodroplets and injecting molecules into living cells. By now, 
needles and syringes for micro- and nanoinjections [18, 19] and nanojets 
have been obtained. Nanotubes can be used as nanoprobes in scanning 
microscopes or as templates and precise masks. Surely, 

nanoelectromechanical devices based on such flexible systems will find 
wide application in sensors. Ultra-thin elastic films and 3D nanoshells 
formed from solid films display high frequency of oscillations and can 
easily be integrated into functional mechanical resonator sensors. An array 
of rolled objects like the one described in [6] makes a high density of 
almost atomically sharp tips that can be used to prepare electron emitters with 
enhanced emissivity. 

6. CONCLUSIONS 

Thus, the essence of the new nanofabrication methods can be 
summarized as follows. Ultra-thin strained layers released from the 
massive substrate tend to acquire a new equilibrium shape for which their 
elastic energy is minimal. Bending off from the substrate or rolling into 
cylindrical objects, the layers form precise shells. The final shape of the 
shells depends on the composition of the starting heterostructure and can 
be easily controlled since the whole technology is based on using standard 
technological procedures. The starting objects for forming the final three- 
dimensional semiconductor nanoobjects are uniform, single-crystal thin 
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films, whose thickness can be preset with atomic precision in the MBE 
process. Another condition ensuring the high precision of sizes and shapes 
of the final objects is fixed lattice mismatch between dissimilar materials. 
This property of MBE-grown heterostructures in combination with the 
possibility of detaching strained heterolayers from substrates provides the 
possibility to obtain precise nanoobjects. 

A rich variety of solid-state nanoshells of various shapes that can be 
obtained with the above-described technology is evident. The simplicity 
of the new method, its applicability to a broad class of materials and, 
finally, its compatibility with the mature integrated-circuit technology 
allows us to anticipate its wide practical applications in the future 
technology. Our methods allow fabrication of precise nanofibers. 

Unlike conventional methods for making nanofibers, our methods use film 
technologies. Only standard processes can be used to obtain thin uniform 
films and properly pattern them. Our technological step is the detachment 
of the ultra-thin strips obtained from patterned films off the substrate. At 
present, we know the only way to do this, the one employing the stress- 
driven process [3]. The most important feature of the technology is that it 
allows easy control of not only the shape of the fibers, but also their 
arrangement on the substrate by exerting control over the stress-driven 
assembly. By this technology, one can create architectures from various 
materials, - metals, semiconductors, superconductors, dielectrics, and even 
from unstrained materials attached to stained films. The above methods 
can be applied to all materials without exception. Using multi-layered 
structures, one can manufacture dense arrays of nanofibers. In the case of 
nanofibers prepared from sputtered films, the possibility of their batch 
production is quite clear. 

The nanofibers obtained can be used in many fields where standard 
nanofibers are normally used, including filtration, protective clothing, 
biomedical applications such as wound dressing and drug delivery 
systems, mirrors for use in space, etc. Moreover, since our method allows 
manufacturing of nanofibers from various (magnetic, conducting, single- 
crystal) materials never previously used for this purpose, and also permits 
assembling nanofibers in various ordered architectures, this will 
undoubtedly initiate new fields of applications for nanofibers. 

Our works initiated other publications in this field (see, for example, 
[27-31]). The forthcoming years will undoubtedly witness new, even more 
interesting findings and discoveries in this research area. 
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Abstract: In this paper, we report the synthesis and electrochemical 

properties of a novel morphological manifestation of carbon nanostructures - 
“carbon nanopipette”. Substrates in the form of wires or sheets were 
immersed vertically into a Microwave Plasma containing 1-2% CH4/H2. 
Short-term (1-2 hours) and long-term (24 hours) experiments were carried 
out. At the end of a long-term experiment, a dense carbon deposit was found 
at the tip of the Pt wire exposed to the plasma, while at a short distance away 
from the tip, there was a deposit of microcrystalline diamond film along with 
a dense growth of tapered carbon whiskers. These whiskers had a base of 1 
pm, which tapered down to few nm. Energy Filtered Transmission Electron 
Microscopy (EFTEM) revealed that these nanostructures had a hollow core of 
a constant diameter of about 4-20 nm, while the outer shell is made up of 
helical sheets of graphite winding continuously around the hollow core. 
Hence these nanostructures were termed as “carbon nanopipettes”. Short 
time-scale experiments performed on substrates electroplated with thin films 
of platinum resulted in arrays of nanopipettes. However, the aspect ratio of 
the nanopipettes increased from near tip region to regions downward on the 
substrate. The results using different time scales for growth showed that the 
length of these nanopipettes could be increased from a few microns to about 
100 microns. The regions with carbon nanopipettes on platinum substrates 
were isolated by masking off the other parts with a non-conducting epoxy. 
Electrochemical studies were performed on these blanked substrates with 
dopamine in KCl solutions. Nanopipettes are open-ended on both sides, 
mechanically rigid, and have a tip as sharp as a conventional nanotube, 
whereas the body of the nanopipette is robust. Among other applications, the 
arrays of nanopipettes, as synthesized, could be encapsulated into polymer 
matrix for making a patch suitable for drug delivery applications. 



S. Guceri et al. (eds.), Nanoengineered Nanofibrous Materials, 65 - 73 . 
© 2004 Kluwer Academic Publishers. Printed in the Netherlands. 




66 



1. INTRODUCTION 

Research in nanoscale materials has been inspired by the scientific interest 
of discovering new phases of materials and novel properties they may possess 
due to their low-dimensionality. With the same motivation, a myriad of 
structural manifestations of carbon nanostructures have been reported. 
Conical graphite nanostructures have been discussed as early as 1960 [1], in 
which a model for graphite whiskers was proposed with the wrapping up of 
graphite sheets around the whisker axis. Later, conical graphite whiskers 
were synthesized by heating SiC crystals [2]. Since then, a variety of conical 
graphite whiskers have been reported such as graphite flillerene cones [3, 4], 
nanohorns [5], polyhedral crystals [6], conical crystals [7]. We have recently 
reported another novel morphology of carbon nanostructures called “Carbon 
Nanopipettes” [8], which is unlike any of the morphologies reported above for 
conical nanostructures. Carbon Nanopipettes are rigid, yet have a nano-sized 
tip. The base of this nanostructure is about 1 micron reducing to a very fine 
tip of about 4-20 nm. A constant uniform-diameter hollow core runs through 
its length and hence it is open-ended on both sides. Due to its very unique 
structure, we envision the potential applications of nanopipettes in fluid 
delivery (drug and ink delivery), nano-sized electrochemical probes, NSOM 
tips, etc. 

Carbon in its several forms such as graphite, microcrystalline diamond, 
glassy carbon and nanocrystalline diamond has been used as electrodes for a 
long period of time. Microelectrodes are beneficial for their faster steady 
state time scales, higher currents for the same electrode area, less capacitance 
currents apart from their use in probing small areas [9]. With the same view 
in mind, carbon nanotubes have been recently studied for their 
electrochemical properties [10-12]. In the case of nanotubes, it has been 
shown that the pentagons at the tip of the nanotube, pentagon and heptagon 
defect pairs in the lattice of the nanotube are responsible for the oxygen 
reduction at their surface [10]. There is no reason to believe that the 
electrochemistry occurs in the interior parts of the nanotube. In fact, one 
would have to rely on the defect states within the graphene sheets for exterior 
parts of the nanotubes to be active toward significant electron transfer 
kinetics. On the other hand, the carbon nanopipettes could be considered as 
nanocrystals of graphite with edge planes showing up on the entire 3- 
dimensional surface including the tip. One would expect faster kinetics and 
longer stability with electrochemical response for reactions that rely on 
chemisorption for electron transfer. In fact, most of the reactions of interest in 
medical situations involve either amines or proteins that require 
chemisorption for electron transfer e.g. Dopamine (3-hydroxy tyramine 
hydrochloride) is a neurotransmitter, whose deficiency is responsible for 
Parkinson’s disease. 
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2. EXPERIMENTAL 

Substrates in the form of platinum wires, platinum-plated diamond 
substrates, Mo sheet substrates were used. These substrates were immersed in 
a Microwave Plasma with 1-2% CH4/H2 at 50 Torr pressure and llOOW 
power. Solid Boron was used to make sure that the diamond phase deposited 
was conducting. Experiments using blank Platinum and Mo were long term 
(24 hours), while platinum coated diamond and Mo substrates were short-term 
experiments (1-2 hours). Long-term experiments on Platinum had a dense 
deposit of carbon at the tip of the substrate. Further away from the tip were 
diamond crystals along with whisker-like structures emerging from them. 
Long-term experiments on Mo, gave a dense deposit over a large area from 
the top of the substrate immersed in to the plasma. Regions further away, 
microcrystals of diamond were observed. In this case, the pipettes were 
observed throughout the region of the dense deposit. Short-term experiments 
using electroplated platinum on Mo and diamond substrates resulted in arrays 
of nanopipettes with varying aspect ratios from the tip to the end of the 
substrate. The reader may refer to [8] for Transmission Electron Microscopy 
studies for detailed structural analysis of these carbon nanostructures. 

Cyclic voltammetry (CV) experiments were carried out with a 
Bioanalytical Systems Model CV-50W Voltammetric Analyzer using a 
single-compartment, three-electrode cell with Ag/AgCl (3M NaCl) reference 
and Pt wire auxiliary electrodes. For electrochemistry, the samples were 
prepared by coating the regions not containing the dense array of nanopipettes 
with a non-conducting, chemically inert epoxy. Two samples with distinct 
types of overall morphology for nanopipette arrays were prepared: the first 
one had a dense array of nanopipettes pointing in all directions and the second 
sample had regular arrangement of nanopipette array with each one separated 
by a couple of pm distance. The underlying platinum wire is used for 
electrical contact. The simplicity of this procedure makes our synthesized 
structures (nanopipettes) extremely useful for practical applications. 

3. RESULTS AND DISCUSSIONS 

The synthesis procedure of immersing wires into dense part of plasma is 
not a typical procedure for diamond or carbon tube formation. Flowever, in 
order to study the variation of carbon phases during deposition at different 
parts of the plasma, we have used direct immersion. The results of this 
method and corresponding results are first published in reference [13]. Figure 
1 indicates the carbon nanopipettes grown on platinum substrates at regions 
away from the tip of the substrate. As seen, the nanopipettes were surrounded 
by microcrystals of diamond. These pipettes were grown over a period of 24 
hours. The true length of the pipettes cannot really be determined here, as 
they have their base covered with diamond crystals. The tip of these 
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substrates has a dense deposit containing nanocrystals of diamond and 
graphite. 



2 Lim 




Figure 1. Carbon Nanopipettes grown along with microcrystals of diamond on a platinum 
substrate 



We have demonstrated previously [8] that the growth of nanopipettes 
begins with a central nanotube (single or multiwalled) growth, followed by 
helical graphite sheets wrapping around it, falling just short of the pervious 
sheet. The resulting structure is a whisker whose outer shape is conical, but 
has an inner hollow core of a constant diameter. One can vary the thickness 
of the surrounding graphite sheets depending on the position in the plasma. 
The conditions within the dense part of the plasma vary quite widely in terms 
of temperature, radical and ion density, which further affect the etching and 
growth characteristics of these graphite sheets on the nanopipettes. The 
regions at the tip of the substrate immersed in the plasma are at higher 
temperatures. Here, there is a high tendency of deposition of competing 
carbon phases such as graphite in this region. Experiments on 
uncoated/coated Mo sheet substrates for 4 hours or more gave large 
nanopipettes, but along with other graphitic phase deposition. This could be 
explained by the tendency of Mo to promote carbon phase deposition. 
Similarly, short-term experiments with plain Mo substrates gave multiwalled 
carbon nanotubes. While using Pt-plated Mo sheets as substrates yielded 
carbon nanopipettes as shown in Figure 2(a). Even short-term experiments 
with platinum coated, diamond film covered Mo substrates yielded carbon 
nanopipettes (Figure 2(b)). Diamond forms a stable substrate that does not 
get etched in the plasma, hence gives a uniform array of carbon nanopipettes. 
The nanopipettes in an array form over a large area are necessary for several 
other applications involving drug delivery. In this regard, experiments are 
currently underway to increase the lengths of the pipettes to mm covering a 
large area. 
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(a) (b) 



Figure 2. Nanopipettes grown on Pt-plated (a) Mo substrate (b) Diamond on Mo substrate for 
1-2 hours 



The electrode samples containing carbon nanopipettes were tested for their 
electrochemical response in the following solutions: 1 mM K 3 Fe(CN )6 in 
O.IM KCl, and 1 mM Dopamine in O.IM KCl. K 3 Fe(CN )6 is typically used as 
a calibration analyte for electrodes, while dopamine was used, as it is one of 
the most well studied biologically important analyte by electrochemical 
detection. The first substrate tested for electrochemical response had a 
smaller region exposed to the solution. The approximate geometrical area of 
this region is 10'"^ cm^. This small region had approximately 10* pipettes/cm^, 
which are not grown in any particular direction (Figure 3(a)). In accordance 
to this, the electrochemical response of dopamine as indicated in figure 3(b) 
was strongly controlled by diffusion. As shown in Figure 3(b), the anodic 
limiting current increased linearly with the scan rate (v) (V/s) 0.5. 

Increasing the scan rate beyond 1 V/s begins to show the peak shaped 
response, but this was accompanied by an increase in the background current, 
making it more difficult to detect the signal from the analyte. 

The approximate electrochemical area calculated from the response to 
Dopamine by Randles-Selvick equation was very close to the geometrical 
area of the exposed surface (unmasked region containing nanopipettes). 
Similar behavior was reported for SWNT bundles [12] that were prepared in 
the form of thin papers. This is typical when the concentration boundary 
layers of individual nanostructures overlap. The advantage of using 
nanopipettes is in using them as a nanoelectrode. The small dimension of the 
electrode with fast kinetics helps in decreasing the time scales for detection. 
This can be used as an advantage in detecting intermediate analytes secreted 
during a complex reaction. In order to make use of the nano-scale of the 
pipette in a nanoelectrode, we would need to have them placed in the form of 
arrays, such that the distance between individual elements exceed the 
minimum needed for non-overlapping diffusion boundary layers. To 
understand this, we used a sample in which the nanopipettes were grown for 
short time on an uncoated platinum wire for 1 hour. 
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Figure 3. (a) SEM image of the bunch of nanopipettes on an electrode (b) Cyclic 
Voltammogram of ImM Dopamine in O.lMKCl, at different scan rates indicated in mV/s. Inset 
shows the dependence of the anodic limiting current to the scan rate. 



The sample contained nanostructures with varying aspect ratio as 
described in ref [ 8 ]. At a small distance below the tip (few mm), due to the 
competing growth and etching of the surrounding graphene sheets, the aspect 
ratios of these nanostructures change eventually giving fully developed, high 
aspect ratio nanopipettes. One such electrode was carefully coated with 
epoxy while keeping the region containing the nanopipette arrays exposed. 
The density of pipettes in this sample was lower, about 1 oVcm^. The SEM 
image in Figure 4 shows two kinds of nanopipette arrays with different aspect 
rations on this sample. All of the structures in this sample are vertical while 
keeping enough distance in between them. 




(a) (b) 

Figure 4. Tip of the Ft substrate has (a) Cones with a central nanotube emerging and (b) 
Nanopipettes at a distance away 



Figure 5(a) shows the response of such an electrode to ImM Dopamine in 
O.IM KCl solution before and after treatment in 0.5M FI 2 SO 4 at a scanning 
window of 2V to -2V. As seen in the Figure, the peak separation (AEp) 
before acid treatment was 300 mV and after acid treatment was 100 mV. This 
is similar to what we have observed for nanocrystals of graphite with edge 
planes exposed to the solution. The treated surfaces are extremely stable with 
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time and repeated analysis over 1 year. The acid treatment for one cycle of 
potential sweep made a number of reactions including K 3 Fe(CN )6 reversible 
at the electrode surface. After initial treatment of the as-synthesized 
structures, no further treatment was necessary. The electrochemical response 
seems to be reproducible and stable over long periods of time. 
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(b) 



Figure 5. (a) CV of ImM Dopamine in O.IM KCI at lOOmV/s before and after electrochemical 
treatment in 0.5M H 2 SO 4 (b) CV of ImM K 2 Fe(CN)f, in O.IM KCI at lOOmV/s to 600m/s with 
peak separation of about 100 mV. Inset shows the scan rate dependence of cathodic current 
with V (V/s) ^.5. 

Acid treatment was not always necessary for certain as-synthesized 
structures. Figure 5(b) shows the CV for ImM K 3 Fe(CN )6 in O.IM KCI 
solution. These pipettes, unlike the one seen in Figure 3(a) have a peak 
shaped behavior. The currents are also relatively higher, due to the increase 
in the exposed area. The inset in Figure 5(b) shows that the cathodic peak 
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current dependence is linear with increase in the square root of the scan rate, 
indicating a diffusion-controlled behavior. The area calculated again from this 
experiment was approximately equal to the geometrical area. At the same 
time, the estimated surface area of all nanopipettes over this region is also 
similar to the geometrical area due to the density and length. It is highly 
possible to envision high aspect ratio, long (mm in length) nanopipette array 
with a low density for nanoelectrode applications involving fast cyclic 
voltammetry and for single-cell studies. 

In the case of typical MWCNT, the heat treatment to remove the 
impurities associated with them such as amorphous carbon, graphitic particles 
and catalyst particles increased the peak separation for K 3 Fe(CN )6 analyte 
from lOOmV to 230mV with an increase in the volume specific capacitance 
[12]. This was attributed to the removal of impurities exposing only the basal 
planes of graphite, which is known for its slow electron transfer kinetics. Thus 
our carbon nanopipettes have shown a promise as an interesting electrode 
material. Unlike the multiwalled/single walled carbon nanotubes, they do not 
need any specific sample purification or preparation. They can be used as 
synthesized with a single electrochemical acid-treatment. 

4. CONCLUSIONS 

Carbon Nanopipettes are a new morphological manifestation for carbon 
nanotubes with uniform hollow core and tapering wall thickness giving a high 
aspect ratio for the carbon nanotubular structure. The structural characteristics 
of the nanopipettes suggest that the entire surface of the structure contains 
graphene edge sites making them unique for electrochemical applications that 
require chemisorption for electron transfer. The electrochemical studies 
indicate a near-reversible behavior with dopamine (-100 mV peak 
separation). The electrode preparation is quite simple and the as-synthesized 
structures could directly be used as electrodes. The nanopipette array with low 
density could be used for nanoelectrode applications involving fast cyclic 
voltammetry while decreasing the background due to capacitance. 
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Abstract: Owing to their outstanding properties, many research efforts 

have been focused on the growth and application of carbon based 
materials, mainly single or multi-wall carbon nano-tubes, nano-homs and 
cones, fibres . Nano-structured carbon films have also been proved to be a 
very promising field emitting material, providing the nano-graphene 
structure have the constituting basal plane oriented perpendicular to the 
substrate. Pulsed Laser Deposition (PLD) and Chemical Vapour 
Deposition (CVD) methods have been used to prepare carbon films of 
different nano-structure ranging from amorphous carbon to nano-clustered 
graphite and nano-wires. The influence of experimental conditions (v.z. 
deposition system and parent species, substrate heating, working pressure, 
inert sustaining gases, RE or DC plasma assisted deposition) on the carbon 
atom clustering, particle aggregation and structure evolution has been 
thoroughly analysed. Nd:YAG pulsed laser ablation of a graphite target 
produced nano-structured films when assisted by plasma or at high 
substrate temperature. Hot Filament CVD was able to grow nano-graphite 
“petal”-like structures vertically oriented at moderate substrate 
temperature ( 650 °C) and sharp graphite tips and cones at high T (1650 
°C). The presence of a DC plasma was able to produce big “urchin” 
structures characterised by long, entangled, tubular wires (stripes), 
without any catalyst addition. The film morphology have been 
characterised by SEM; film quality and nano-particle dimension have 
been estimated be Raman spectroscopy. Field emission properties have 
been measured by a planar / spherical configuration. 

Keywords: carbon nano-structures, graphite nano-wires, RE plasma 
assisted PLD deposition, DC plasma assisted HF-CVD, Raman 
spectroscopy, SEM, Field Emission. 
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1. INTRODUCTION 

The carbon atom has a very peculiar, outstanding property in nature, 
since, due to its ability to have many types of hybridisation (sp^,sp^ and 
sp) and, consequently, spatial orientation of chemical bonds, it is capable 
of constructing a wide variety of materials ranging from diamond graphite 
and polymers to new materials like fullerenes, nano-tubes, nano-fibres, 
whiskers, cones, horns and amorphous carbon. These structures show 
very different properties and have very interesting potential industrial 
applications including electronic, energetic, mechanics or even catalysis 
and biological applications [1-5]. Many research efforts have been 
concentrated in structure optimization and substrate patterning to obtain a 
controlled product for special electronic applications, mainly patterned 
and vertically oriented single or multi-wall carbon nanotubes (SW-CNT 
and MW-CNT). Preparation methods, ranging from DC arc-discharge, 
pulsed laser ablation and CVD, thermic or plasma assisted, have been 
used under special experimental conditions to obtain specific physical 
properties. Most of them made use of a specific catalyst (Co, Fe or Ni) of 
nano-sized dimension and regular distribution to obtain ordered tubular 
structure of definite diameter [6-11]. Other carbon based materials, like 
nano-structured particles, fibres, nano-homs and cones, but also “petal”- 
like graphite sheets have been produced and studied for potential 
applications both in electronic field and in catalysis [12-17]. 

In our work we explored the ability and limits of PVD and CVD 
deposition methods to deposit carbon with different nano-structures, as a 
function of substrate temperature and plasma activation of reactive 
species without using any catalyst or surface patterning. 

2. EXPERIMENTAL 

2.1 Pulsed Laser Deposition 

The carbon films were deposited in a vacuum chamber (base level ~ 
10 '’ mbar) by pulsed laser ablation from a pyrolytic graphite target. A 
pulsed Nd:YAG laser (2nd harmonic A,=532 nm, hv=2.33 eV, repetition 
rate v=10 Hz, pulse width x=7 ns, fluence (|)=5 J/cm^) was used as the 
excitation source. 

PLD depositions were performed at ~ 2x10-1 mbar Ar atmosphere, on 
Si<100> substrate at increasing temperature, ranging from RT to 900 °C . 
The distance between the substrate and the graphite rotating target was 5 
cm. 

A set of samples were deposited, in the same experimental conditions, 
in the presence of an Ar plasma, generated by a 13.56 MHz radio 
frequency source just over the <100> Si substrate, maintained at a 
negative bias potential. The working power was 60 W. 
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2.2 Hot Filament Chemical Vapor Deposition 

The CVD depositions on mild HF/HNO3 etched Si <100> substrates 
are performed at ~ 10^15 mbar, 15% CH4, 15% H2 and 70% Ar with a 
total gas flow 100 seem. The DC plasma assisted HF-CVD depositions are 
performed at 1.5-^2.0 xlO ' mbar, in the same reactive gases and flux. The 
Ta filament is heated up to 1800-2100 °C, while the substrate can be 
heated to 650-850°C. The distance between the substrate and the Ta 
filament is 10-13 mm. The plasma is generated by a DC source between 
the substrate and the filament just over the Si. The substrate is kept at - 
350, -400V negative bias potential. The working power was 60 W. 



2.3 SEM and Raman Characterisation. Field emission 

Micro-Raman measurements were performed in a back-scattering 
geometry, at RT, using a Dilor XY triple spectrometer equipped with a 
liquid nitrogen cooled charge coupled devise (CCD) detector and an 
Olympus microscope in a confocal mode. The spectra were excited with 
an Ar+ laser (514.5 nm, 3 . 8 mW) focused into a spot of 2 mm in diameter: 
This photon energy preferentially excites the p states associated to sp2 
sites. The spectral resolution was 0.5 cm-1. Spectra were analysed by a 
peak fitting procedure to obtain frequencies, line-widths (FWHM) and 
intensities of band components. The film morphology have been studied 
by a Philips XL30 SEM apparatus. 

Field emission measurements were obtained in a planar cathode and 
emispherical anode (1 mm diameter) variable distance configuration, at a 
pressure ~ 10'* torr. The lA^ characteristics were measured by a HP 4339- 
A high resistance meter. 



3. RESULTS AND DISCUSSION 

3.1 PLD and RF plasma assisted PLD 

The effect of temperature on the morphology and structural properties 
of carbon films is shown in fig.la-c. The SEM picture exhibits a 
macroscopic particle aggregation with increasing substrate temperature, 
ranging from RT to 900 °C. The corresponding Raman spectra show a 
considerable D (1350 cm ') and G (1580 cm ') peak evolution correlated 
to aromatic ring formation and cluster condensation. The D peak narrows 
and the ratio Id/Iq increases, correlated to a temperature driven ordering 
phenomena of the aromatic rings into graphene layers and nano-graphite 
particles. The RF plasma activation of ablated carbon species causes a 
clustering effect starting at lower temperature; at T=900°C the Raman 
spectrum shows a peak shapes closely and resembles the slightly 
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disordered HOPG. The Id/Ig intensity ratio has been related by Tuinstra 
and Koenig [18] to XRD dimension of graphite nano-particle (La) along 
the basal plane, according to the equation: 



1 44 

^ = — (^°) 

I T 

Recently, for domains smaller than 20 A, a direct correlation (Id/Iq = C’ 
La^) has been suggested to better represent the system[19]. From this 
formula, at RT, we calculated an La ~7.3 A size for PLD, compared to La 
-13.5 A size for RF-PLD. At T=900 °C we obtained closer values: 17.5 A 
versus 20.3 A. The nano-structured carbon showed a sensible 
enhancement of field emission properties, with a tum-on field of about 17 
V/pm, compared to 23 V/pm for amorphous carbon. 



3.2 CVD and DC plasma assisted CVD 

The films deposited by HF-CVD show a new allotropic carbon form, 
nano-flakes or nano-ribbons, which consists of “petal”-like graphite layers 
with a thickness of about 20^30 nm and an orientation perpendicular to 
the substrate (fig. 2). The Raman spectrum of film on Si <100> underlines 
the graphitic nature of the deposited nano-structures, compared to the 
slightly mechanically disordered HOPG2, with a sharp G peak 
(FWHM=28 cm *) and a high and sharp D peak (FWHM=30cm '). At 
higher T (~1650°C, on a Ta wire) the “graphitisation” process is more 
evident (fig. 3): very sharp graphite tips (FWHM Gpeak=18 cm-1), grows 
on a very thin “petal”- like base-structure (fig. 4), characterised by a few 
registered and interlaced graphene layers. The corresponding Raman 
spectra are characterised by the presence of a strong G peak and a 
contribution of bounded, “edge” type C-C bonds (weak D and D’ peaks). 
When HF-CVD operates in the presence of a high concentration of 
radicals and ions, generated by the DC plasma between the filament and 
the substrate, a strongly enhanced “out-of-equilibrium” growth of 
graphene structures was observed, with a local, diffused formation of big 
“urchin” objects (fig. 5) with very long, curled, entangled tubules made of 
small layered graphene planes, growing on a substrate structure, 
characterised by the near-equilibrium “petal”-like configuration. 

The CVD system has been proven to be more suitable than PLD for the 
deposition of vertically nano-structured graphene ribbons, at relatively 
low T. These nanostructures, characterised by sharp edges, have been 
demonstrated to act as good field emitters [20]. The fast, tubular growth of 
nano-fibers, obtained by plasma assisted CVD, can be explained by the 
very high active species concentration, which may give rise to a pure 
kinetic, out-of-control growth process. 

4. CONCLUSIONS 

Carbon films obtained by pulsed laser deposition are characterised by a 
structure evolution from smooth amorphous, at room temperature, to 
granular particles at 900°C. Increasing temperature, an aromatic ring 
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formation and a progressive condensation is evident as measured by the 
Raman D and G mode evolution and an increase in the Id/Ig ratio. The 
RF -plasma is able to induce this clustering effect at lower T. 

The emission properties are directly related to the increase of aromatic 
ring clustering v.z. to the increase of the Id/Ig ratio. 

The CVD conditions (presence of radicals, quasi-equilibrium process, 
high CH 4 concentration and inert gas (Ar)) made easy to obtain nano- 
graphite structures, with ribbon or “petal”-like morphology, oriented 
perpendicularly to the substrate, along the growth direction. The Raman 
spectra are characterised by sharp G and D peaks, very similar to partially 
disordered HOPG. At higher T (~1650°C) the “graphitisation” process 
goes further: very sharp graphite tips, with a typical intense G peak, 
develop from a thin “petal”- like nest, characterised by some parallel, 
bounded and interlaced graphene layers. 

The DC plasma is able to accelerate the graphene plane growth with a 
local formation of very long, entangled tubular structure even at relatively 
low temperature (~650°C). The lack of any catalyst or etching gas during 
the deposition hindered the nano-tube formation, favouring a layered-type 
fibre structure. 

Acknowledgements: This work was supported by FIRB, a public fimding 
for basic research from The Ministry for University and Research of Italy. 

References 

1 . S. Iijima,7Va(«re354(1991) 56. 

2. H.W. Kroto, J.R. Heath, S.C. O’Brien, R.F. Curl, R.E. Smalley, Nature 21S (1985) 162. 

3. J. Robertson, Materials Sci. Engineering R37 (2002) 129-281. 

4. R.J. Chen, S. Bangsanintip, K. A. Drouvalakis, N. Wong Shi Kam, M. Shim, Y. Li, W. 
Kim, P. J. Utz, and Hongjie Dai, Proc.Nat. Ac. Sci. 100 (2003) 4984-4989. 

5. Hongjie Dai, Surf. Sci.500 (2002) 218-241. 

6. Z. F. Ren, Z. P. Huang, J. W. Xu, J. H. Wang, P. Bush, M. P. Siegal, and P. N. Provencio, 
tertce 282 (1998) 1105-1107. 

7. M. Chhowalla, K.B.K. Teo, C. Ducati, N.L. Rupesinghe, G.A.J. amaratunga, A.C. Ferrari, 
D. Roy, J. Robertson and W.I. Milne, J. Appl. Phys. 90 (2001) 5308. 

8. D.J. Kim, K.S. Choi, Y.S. Cho, S.Y. Hong, J.B. Park,K.H. Son, J. Appl. Phys. 91 (2002 
)3847. 

9. Cui, H.; Eres, G.; Howe, J.Y.; Puretkzy, A.; Varela, M.; Geohegan, D.B.; Lowndes, D.H. 
Chem. Phys. Lett. 374 (2003) 222-228. 

10. Melechko, Anatoli V.; Merkulov, Vladimir I.; Lowndes, Douglas H.; Guillom, Michael 
A.; Simpson, Michael L. Chem. Phys. Lett. 356 (2002) 527-533. 

11. W. Z. Li, S. S. Xie, L. X. Qian, B. H. Chang, B. S. Zou, W. Y. Zhou, R. A. Zhao, and G. 
Wang, 

Science 274 (1996) 1701-1703. 

12. M. Terrones, N. Grobert, J. Olivares, J. P. Zhang, H. Terrenes, K. Kordatos, W. K. Hsu, 
J. P. Hare, P. D. Townsend, K. Prassides, A. K. Cheetam, H. W. Kroto, D. R. M. Walton, 

388, (1997) 52-55. 

13. Dong, Jian; Shen, Wanci; Zhang, Baofa; Liu, Xuan; Kang, Feiyu; Gu, Jialin; Li, 
Dongsheng; Chen, NanPing, Carbon 39 (2001) 2325-2333. 

14. J. Libera, Y. Gogotsi, Carbon 39 (2001) 1307-1318. 

15. S. lijima, T. Wakabayashi, Y. Achiba, JPhys.Chem. 100 (1996) 5839-5843. 

16. Y.Ando, X. Zhao, M. Ohkohchi, Carbon 35 (1997) 153-158. 

17. N.G. Shang, F.C.K. Au, X.M. Meng, C.S. Lee, I. Bello, S.T. Lee, Chem. Phys.Lett .358 
(2002) 187-191. 

18. F. Tuinstra, J.L. Koening, J.Chem.Phys.53 (1970) 1 126. 

19. A.C. Ferrari, J. Robertson, Phys. Rev.B 61 (2000) 14095. 

20. Obraztsov, A.N.; Volkov, A.P.; Zakhidov, ALA.; Lyashenko, D.A.; Petrushenko, Yu.V.; 
Satanovskaya, O.P., Appl. Surf Sci. 215 (2003) 214-221. 




80 




Fig. la. Raman spectra of sample 
PLD deposited at increasing T 




Fig. lb,c. SEM pictures of film PLD 
deposited at RT {upper) and 900 °C. 





Raman Shill (cm ') 




Fig.2. left. Raman spectra of “ petal”- 
like graphene nano-structures, 
compared to FIOPG graphite and 
mechanically slight disordered 
FIOPG. Right. SEM picture of nano- 
sized “petal”-like graphene structures 
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Fig.3. lower. Graphite whiskers and cones 
grown by HF-CVD on a Ta wire at 1650 °C. 
Upper. The graphite whiskers Raman spectra 




Fig.4. lower. SEM picture of ribbon or petal- 
like graphene layers grown by HF-CVD at at 
1650 Upper. The corresponding Raman 
Spectra. 




Fig.5. Left. The “urchin” morphology of long curled nano-graphene tubules 
obtained by DC plasma assisted HF-CVD at 650 °C. Right. An enlarged view 
of a tubulus. 
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Abstract: We describe a conceptually different technique to synthesize 

large inner diameter carbon tubular stmctures. This technique utilizes the 
wetting behavior of gallium with carbon to control the morphology in-situ 
during growth by controlled gas phase chemistry. The internal diameters can 
be varied from 100 nm to about 5 pm, with constant wall thickness of 10-20 
nm. Using this technique we synthesized straight tubes, funnels, tube-on-cone, 
multi-junctioned tubules and Y-junctions with seamless joining. These carbon 
stmctures could find applications in nano/micro-fiuidics and also as micro- 
reactors. 

1. INTRODUCTION 

Several different nano-stmctures of carbon have been synthesized since it 
was realized that carbon nano-stmctures having very interesting properties 
could find applications in numerous fields. Some of these stmctures include: 
nanotubes, helical nanotubes, cones, horns, conical crystals, micro-trees and 
nanopipettes (1-8). The diameters of these stmctures are in the nanometer 
scale. Larger inner diameter straight tubes have been synthesized using 
hydrothermal synthesis techniques with diameters ranging from 70-1300 nm 
(9). Carbon nanotubes filled with gallium, projected as nano-thermometers, 
have been synthesized by using evaporation of gallium oxide and gallium 
nitride powders (10-12). All the above-mentioned synthesis methods only 
yield straight tubes and cannot be used to synthesize stmctures with varying 
inner diameters. Merkulov et al., (13) used nickel catalyst and relative 
concentrations C 2 H 2 /NH 3 to synthesize “cylinder-on-cone” morphology. 
Again, the internal diameter of the stmcture is constant and determined by the 
nickel catalyst size as is the case with the traditional carbon nano-tube 
synthesis methods. Recently, we described a synthesis technique that can be 
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used to synthesize a variety of morphologies during growth by controlling the 
gas phase chemistry (14). 

Our synthesis method is based on the variation in wetting behavior of 
gallium with carbon in the presence or absence of oxygen and nitrogen. The 
contact angle gallium creates with carbon can be varied either by changing the 
gas phase or by changing the temperature. Here we describe how one can 
utilize this behavior to control the morphology of the carbon structures. 

2. EXPERIMENTAL 

A microwave plasma CVD reactor is utilized in this work. A thin film of 
gallium is spread on various substrates: graphite, molybdenum and titanium. 
Micron-sized molybdenum powder is then dusted on to the gallium film (1- 
15% by weight of Gallium). This setup is exposed to 18% CH4/H2 plasma 
operated at 1100 watts microwave power and 40 torr reactor pressure. Typical 
growth times are one hour. The temperature of the gallium surface as 
measured using a pyrometer is about 700-750 °C. The synthesized structures 
are analyzed using a Scanning Electron Microscope (operated at 15, 20 and 
25kV) and a Transmission Electron Microscope (200 kV). 

3. RESULTS AND DISCUSSION 

Conical and nozzle shaped structures are synthesized using only CH4/H2 as 
the feed gases. These structures are partially filled with gallium along the 
length as shown in Figure 1. Also, the inner diameters vary from hundreds of 
nano-meters to microns, with a constant wall thickness of 10-20 nm. 




Figure 1 . SEM micrographs of Conical structures in the form of nozzles synthesized using only 
CH4/H2 are shown in (a) and (b). The bright droplets are the gallium droplets on top of the 
conical structures. 
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3.1 Growth Mechanism 

The contact angle gallium creates with carbon will be different in different 
gas phase environments. In the presence of oxygen or nitrogen, gallium wets 
carbon (15, 16), thus forming a flatter meniscus during growth (lower contact 
angle). The growth of the carbon tubular structures occurs by the following 
mechanism {Figure 2). Due to the presence of plasma during growth, gallium 
forms tiny droplets (few nanometers to microns). The presence of 
molybdenum promotes the precipitation of carbon at the Ga-Mo interface 
{Figure 2a). This forms a graphite sheet around the gallium droplet. Further 
addition of carbon then takes place at the Ga-C as shown in Figure 2b. The 
Ga-C interface ‘pulls’ the gallium in the direction of growth. The graphite 
wall that forms at the Ga-C is always tangential to the curvature of the 
gallium droplet. The angle the wall makes with the gallium droplet is the 
contact angle 0. As the growth proceeds, the structures grow in length. The 
conical angle (j) of the evolving tubular morphology is determined by the 
contact angle 0 by the following relationship: 

(t) = 20- 180“ 4 Eq(l) , 



1 I 




Figure 2. Schematic of the growth mechanism, (a) Initial gallium droplet (b) formation of 
cabon wall at the base of the gallium droplet. The wall forms tangential to the surface of the 
droplet. Addition of carbon occurs at the gallium carbon interface as shown, (c) Geometric 
representation of the relation between the contact angle and the conical angle. 



3.2 Controlling the Morphology 

As mentioned earlier the contact angle 0 can be changed using different 
gas phase compositions. Based on this we can control the morphology on the 
carbon structures during growth. Experiments performed with oxygen dosing 
throughout the growth yielded straight tubes with constant diameters (Figure 
3). The presence of oxygen decreased the contact angles, thus yielding 
structures with smaller or no conical angles. 

Other morphologies were synthesized by intermittent oxygen dosing 
experiments. In one experiment oxygen (5 seem) was introduced during the 
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second half of the growth process. During the first half of the growth with no 
oxygen added conical structures are formed. As oxygen is introduced in the 
growth process the structures become straighter. This procedure yields ‘cone- 
tube’ structures (Figure 4 a, b). Thus the 




Figure 3. Straight tubes synthesized by oxygen dosing throughout the experiment. 

morphology of the structures can be modulated during the growth process. 
Similarly, another experiment was performed with oxygen dosing during the 
first half of the growth process and with the oxygen turned off during the rest 
of the growth process. These experiments yielded tube-cone morphologies or 
‘Carbon Funnels’, as shown in Figure 4 (c, d). We reported how we can use 
this dynamic wetting behavior of gallium with varying gas phase chemistry to 
synthesize 3 and 6-fold (multi-junctioned) carbon tubular structures (14). In 
addition, seamless Y-junctions are obtained due to the physical impingement 
of individually growing structures and due to the spontaneous coalescence of 
gallium droplets at the tip. 

Nitrogen addition also has the same qualitative effect as that of oxygen 
addition, but the decrease in contact angle with nitrogen seems to be more that 
the decrease caused by oxygen. Experiments with nitrogen dosing throughout 
the experiment yielded shapes that taper towards the top, instead of forming a 
straight tube as in the case of oxygen dosing. These structures are shown in 
Figure 5 (a). A dumbbell shaped structures were synthesized by a 3-step 
process during which nitrogen was introduced during the middle of the 
experiments and was turned off after a few minutes and the growth was 
continued. This caused a ‘pinch’ in the structure at the center as shown in 
Figure 5 (b). The pinch was caused due to the drastic decrease in contact 
angle. 
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Figure 4. Two stage morphologies synthesized by oxygen dosing 
experiments, (a) No oxygen dosing followed by oxygen dosing, (b) 
oxygen dosing followed by no oxygen dosing. 




Figure 5. Morphologies synthesized by nitrogen dosing experiments, (a) Nitrogen dosing 
throughout the experiment, (b) 'no nitrogen - nitrogen - no nitrogen" 3-step sequenee 
experiment. 
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3.3 Wall Structure 

TEM analysis showed that the walls are crystalline. Selective area 
diffraction gave a very complex spot pattern. The wall structure is currently 
being thoroughly investigated using HRTEM, RAMAN spectroscopy and 
EELS (electron energy loss spectroscopy). EDS (energy dispersive 
spectroscopy) analysis was performed to determine if molybdenum or gallium 
are present either in the wall structure or at the sides of the wall. No 
molybdenum or gallium was detected above the background signal. We 
showed that in all the structures the wall tapers at the end as shown in Figure 
6 (14). This is further illustration that the wall is always tangential to the 
gallium droplet. 

The conical angles of the synthesized structures varied from 10-50°. These 
conical structures do not correspond to the conical angle expected if graphene 
sheets are rolled into cones. Also preliminary FIRTEM analysis has shown 
that the layers are not parallel to each other. The wall is not comprised of 
parallel graphene sheets as seen in multi-walled carbon nanotubes. These 
factors indicate that the wall formation follows a different mechanism. 




Figure 6. Thinning down of the wall towards the end of the tube. 



We believe that the wall is comprised of a graphene sheet that is spirally 
rolled along the axis of the structure at the tip. During this process growth 
steps are formed, as the sheet is not fully rolled into a cylinder. Thus, these 
steps become the growth front for the further evolution of the wall. Carbon 
atoms add at the tip of the tube and then they are spiraled downwards. This 
maintains a constant wall thickness for most of the length of the tube except at 
the tip where the growth is initiated. This process causes the tapering at the tip 
of the growing structures. The tapering occurs only along the Ga-C interface. 







This growth phenomenon is schematically shown in Figure 7. 
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Growth 




Figure 7. Schematic of the wall formation (a) Side on view and (b) top view of the spiral 
growth. The arrows indicate the direction of growth. 



4. CONCLUSIONS 

In summary, we described a synthesis strategy to control and modulate the 
morphology of carbon tubular structures in-situ during growth using gas 
phase chemistry. Although, we have shown only a few illustrations of the 
various morphologies that can be synthesized using this technique, a number 
of other morphologies can be synthesized by optimizing the process. For 
example, the tubes can be pinched to a certain diameter along the length at a 
certain point. These new class of carbon structures add a new dimension to 
controlled synthesis of several morphologies just by changing the gas phase 
chemistry. These larger inner diameter tubular structures can be very 
applicable in nano/micro-fluidics, micro reactor and also in electronic devices. 
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Abstract: Carbon filament growth via CO disproportionation on cobalt 
supported catalyst was investigated. For the first time the formation of the carbon 
filament ropes on Co catalysts was observed. 



1. INTRODUCTION 

The self-processes, which spontaneously assemble and organize various 
building blocks into hierarchical structures, have emerged as the most 
promising techniques [1] for the efficient production of carbon nanostructured 
materials. The formation of single-wall nanotubes (SWNT) ropes on metal 
catalysts is well known [2]. It can be considered as self-assembling process 
involving: multiple carbon nucleation (1) combined with Van der Waals 
interaction of individually growing tubes, resulting in nanotube rope 
formation (2). Here we demonstrate the rope formation from the individual 
carbon filaments produced on silica-modified Co-catalyst as self-assembling 
process. 

2. EXPERIMENTAL 

Reaction of catalytic CO decomposition in the presence of H2 and Co- 
based catalyst supported onto AI2O3 was used for the synthesis of carbon 
nanodeposits. The reaction was carried out in a flowing quartz reactor at the 
temperature range 500-900°C and rates of CO and H2 gas flow equal to 30 
ml/min. Co-based catalyst was prepared via magnetron sputtering of Co/Si 
target in Ar atmosphere on AI2O3 plate. Initially the catalyst consisted of Co 
particles with 2 nm diameter in amorphous Si02 film on AI2O3 support. The 
typical thickness of Co-Si02 layer was about 0.5 pm. 
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The catalyst surface morphology before and after reaction was studied 
using a scanning electron microscope REM lOOU (Russia). The genesis of 
Co-catalyst and the structure of formed carbon deposits were investigated 
with use of low and high resolution transmission electron microscopes: 
“JEOL” JEM-IOOCX and JEM-2010. 



3. RESULTS AND DISCUSSION 
3.1 Carbon Filament Rope Formation 

Figure 1. presents the SEM image of the reaction products produced via 
catalytic CO decomposition (in presence of FI 2 ) during three hours at 700°C 
on the Co-catalyst, which was pretreated at 900°C during six hours. One can 
see that the reaction mainly results in formation of coiled and curved carbon 
filaments. Detailed structure of coiled carbon fibers presents in figure 2. One 
can see that these fibers (with diameter -100-500 nm) have a rope structure 
and consist of more thin primary filaments (d~ 10-50 nm). 




Figure 1. SEM image of Co-Si02 catalyst surface morphology after reaction of CO/H 2 
decomposition at 700 ‘C. 



Additional evidence of the rope structure was provided by the dark-field 
micrographs of the filament rope obtained with (0002) Bragg reflections of 
graphite lattice (figure 3). One can see bright stripes corresponding to the pile 
of graphite sheets of individual filament. 
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Figure 2. TEM images of carbon filament ropes. 



A high resolution transmission electron microscopy (HR TEM) study reveals 
that the filaments in ropes consist of piles of graphite sheets, (fig. 4) which are 
oriented perpendicular to the filament axis (“pack of card” structure) and have 
a diameter about 30-50 nm. Ropes diameters are comparable with cross- 
section of catalysts particles (fig. 5). The formation of piles of graphitic sheets 
corresponds to the low values catalyst particle supersaturation with carbon. 
That is very reasonable for such big metal particles. Figure 4C. shows the 
contact region of two individual filaments in rope. It is rather difficult to 
estimate the distance between the filaments within contact regions because of 
the possibility of image overlays. However, from HR and dark field TEM 
images (fig. 4C and 3, correspondingly), we estimated that the uneven 
filament surfaces provide the formation of chinks between filaments up to 6-7 
nm. In some cases the closure of edges of some part of graphitic sheets was 
observed (fig. 4B). 

The formation of the ropes of carbon filaments was an unpredictable result, 
because usually one big catalyst particle provides the formation of one or 
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Figure 3. Dark field TEM images of carbon filament ropes. Bright stripes correspond to the 
individual filaments. 




Figure 4. High resolution TEM images of carbon filament rope structure. 
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Figure 5. TEM image of catalyst particle with 
growing filament rope. 



two carbon filaments [3] (growing 
from the opposite sides of particles) 
and stands as the reason the carbon 
filament rope formation can be 
described in the terms of the Co-Si 
catalyst genesis [4], So, catalyst 
pretreatment at 900°C leads to the 
sintering of disperse Co particles with 
the formation of big metal particles, 
presumably, covered with a holed 
Si02 layer and/or Si02 islands. We 
suggest that the carbon filament rope 
formation is conditioned by specific 
structure of catalyst particles, which 
formed during sintering of initial Co 
particles separated by Si 02 (figure 6). 
The carbon filament nucleation 
presumably occurs in many places of 
big metal particles surface free from 
Si 02 , which forms holed layer and/or 
islands. Thus filaments grow through 
the holes of Si 02 shells of metal 
particle and then self-organized in the 
regular ropes. Note that the filaments 
have rough surface structure but they 
self-organize in ropes with a 
surprisingly well-ordered structure. 




Co particles sintering 



r 



Co 




Co particle covered 
with SiO, 



T I CO/H, 

carbon 

^ ' ( filaments 

- -. i / 




filament rope 
formation 



Figure 6. Proposed scheme of Co-Si catalyst 
genesis and carbon filament rope growth. 
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One can proposed that the reason for Self-assembling filaments ropes 
formation may be explained in terms of Van der Waals interaction 
between separated filaments growing from the same catalyst particle. 
However, we can not also exclude the direct binding with the formation 
of C-C bonds between graphite sheets of different filaments. 

3.2 Possible Applications of Filament Ropes 

The formation of the carbon filament ropes demonstrates the possibility of 
the production of the new type of carbon material. The control of Si 
concentration in primary Co-Si 02 layer can provide the formation of different 
sized Si02 species on the surface of catalyst particle. Thus, it provides the 
possibility for the diameter regulation of primary filaments forming the rope. 

Due to the developed internal stmcture, the filament ropes can be 
characterized by high surface area in comparison with traditional filaments 
materials; hence, typically CCVD filaments with diameters about 500 nm 
have a surface area of ~ 1 00 - 200 val% and for filament ropes with the same 
filament diameter the surface area could increase up to 300 - 600 m^/g. 

Compact rigid stmcture with relatively high surface area and developed 
pore stmcture allow proposing the usage of carbon filament rope as new 
adsorbents, catalyst supports. 

4. CONCLUSIONS 

For the first time carbon filament rope formation was observed. This result 
was achieved via creation of multiple nucleation centres on big metal 
particles, separated by irreducible oxide species and independently produced 
filaments, which unite into the ropes. 

Acknowledgments: We are thankful to Dr. A. L. Chuvilin for performing the 
TEM study. This work was supported by INTAS grants, 01-254, Award No. NO- 
008-Xl of US CRDF. 
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Abstract: Antibacterial agent (quaternary ammonium salt) containing 
perfluorinated polymers had been synthesized at different agent 
concentrations. The polymers were dissolved in solvent mixture and 
electrospun, to increase effective surface area, at 12 kV which had 
resulted nanofibers with diameters as low as 40 nanometers and fluffy 
structures. The resultant electrospun webs’ biocidal activities relative to 
the solution cast film samples and other biocides had been tested with 
Escherichia Coli bacteria containing aqueous medium. The potential 
application fields of the product may be antifouling applications at air 
filtering, marine industry and antibacterial applications in medicine. 

Keywords: Electrospinning, Low-surface energy, Antibacterial, Antifungal. 



1. INTRODUCTION 

Quaternary ammonium compounds (QACs) have a large variety of 
usage areas from cosmetics to clothes softeners, but especially they are 
known to be good disinfectants. In proper concentrations, they are very 
effective against fungal attack [1]. QACs, having cationic nitrogen 
structure, have the general formula of R 4 N ^ XT In a quaternary structure, 
nitrogen atom is covalently bonded to four groups and the positive charge 
is balanced by a negative counterion. 

QACs antibacterial ability is resulted from their amphiphilic structure 
and surfactant property which was first reported by Dogmak [2]. The 
antimicrobial action of the QACs is based on their damaging surfactant- 
like interaction with the membrane (cytoplasmic) of bacteria resulting the 
loss of the membrane permeability. At convenient concentrations, they 
can cause cell leakage and the death of the cell [ 1 ]. 

Quaternary structures are effective on both gram positive and gram 
negative bacteria, but they have a stronger antibacterial effect on gram 
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positive ones, since gram negatives have an extra protective membrane. 
Quaternary compounds are widely used because of their non-toxic and 
non-irritant property [3]. 

Quaternary ammonium compounds are not affected from the protein 
concentration of the environment and don’t loose their affectivity on 
bacteria over the course of time [4]. The effectiveness of the agent against 
microorganisms is directly related to its area of contact with the 
microorganism’s medium. Especially, if it has been attached into a non- 
dissolving phase, such as solid phase, and in contact with a non-solvent 
fluid, such as flowing air. 

Electrospinning, or electrostatic fiber spinning, is a novel fiber 
manufacturing process to produce sub-micron, or nanometer, diameter 
polymeric fibers. Although its idea was first published by Formhals in 
1934 [5] and some of preliminary studies were carried by Baumgarten [6], 
its reputation had risen in 90’s due to increased interest to nanotechnology 
and relative ease of fiber fabrication by electrospinning [7, 8]. 

Electrospun fibers have several outstanding features such as very high 
surface to volume ratio, flexibility in surface functionality, and enhanced 
mechanical properties [9]. These impressive properties make the 
electrospun fiber mats recently emerging candidate for filtration, 
membrane, composite applications, tissue templating, biomedical 
applications such as protective clothing, medical prosthesis and wound 
dressing, electrical and optical applications and nanoscale tube fabrication 

[9]. 

The electrospun fibers are generated by subjecting polymeric solution 
(or melt) in a glass syringe to an electric field of several kilovolts to tens 
of kilovolts. The liquid droplet at the capillary tip of the syringe, which is 
kept by surface tension of the liquid, is distorted as the intensity of the 
electric field between the tip and ground increase. Previously 
hemispherical droplet is elongated, and turned to a conical shape known 
as the Taylor cone. Further increase of the attractive force of electric field 
results generation of a charged jet of fluid that is channeled to the ground. 
The discharged jet of fluid travels in a random pattern with continuous 
instable whipping motions. Meanwhile, the solvent in the traveling wet 
fiber evaporates and the charged fiber becomes thinner. The fibers are 
deposited on the grounded collector in a random, nonwoven manner. 

The typical diameters of the collected dry fibers are ranged from 
several nanometers to a few micrometers. The thickness of the electrospun 
fibers differs depends on the fluid properties, such as the fluid’s viscosity, 
conductivity, dielectric constant, surface tension, polymer’s molecular 
weight and process operating parameters, such as flow rate of the solution, 
jet current, applied electrical potential and tip to ground distance [9, 10, 
11]. Ambient parameters such as temperature, humidity and air velocity 
around the spinning chamber is also important [12]. Huang et al. stated 
that in open literature fifty different polymers, some in several different 
solvents, have been successfully electrospun to nanometer thickness 
nonwoven mats [12]. 

In this study, we synthesized a terpolymer consisting of a backbone 
with two kinds of functional side chains, one with quaternary structure 
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and the other with perfluorinated structure for hydrophobic nature. Then, 
we investigated the effect of electrospinning on the antibacterial activity. 
Bulky structures could have difficulties to confront with microorganism 
membrane so the best way is to increase encountering chance of 
microorganism and quaternary structure, as every phenomenon occurs on 
the surface [13]. Therefore, we increased surface area by turning the 
quaternary structure containing polymers into nanofibers by 
electrospinning. 

2. EXPERIMENTAL 

2.1. Materials 

The monomers; commercial grade methylmethacrylate (MM A) was 
purified by double passing through alumina powder packed column before 
use, and perfluoro alkyl ethyl acrylate (PFAEA, Fluowet AC 812), kindly 
supplied by Clariant, was used without purification. The quaternary 
ammonium salt containing monomer was synthesized with the reaction of 
dimethyl coconut amine and vinyl benzyl chloride, supplied from Fluka, 
in distilled water. Other commercial biocides, Nipaguard BPX and 2- 
bromo-2-nitropropane-l,3-diol was, also, supplied by Clariant and used as 
received. Azoisobutyronitrile (AIBN, Fluka) was used as polymerization 
reaction initiator and the solvents Tetrahydrofuran (THF) and 
Dimethylformamide (DMF) was used without purification. 

2.2. Synthesis of Vinylbenzyl-Dimethylcocoammonium 
Chloride (VBDCC) Monomer 

The reaction of quaternary ammonium salt containing monomer was 
carried out in distilled water environment at 50“C with vinyl benzyl 
chloride and dimethyl coconut amine as the reactants, in the presence of 
Na 2 C 03 as catalyst (Figure 1). The reaction was stopped when the opaque 
color of the mixture in the flask turned to clear, this took approximately 
30 minutes. The water in the monomer reactor was removed under 
vacuum at room temperature. 




Figure 1. Reaction scheme for Vinylbenzyl-dimethylcocoammonium chloride synthesis. 
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2.3. Synthesis of Terpolymers 



For the synthesis of vinylbenzyl-dimethylcocoammonium chloride - 
MMA - perfluoro alkyl ethyl acrylate terpolymer, polymerization reaction 
was carried in THF with AIBN as initiator at 70°C (Figure 2). There were 
five different sets, named as quat-lfee, 1%, 5%, 10% and 25%, according 
to the molar ratio of the quaternary monomer in the polymer. The 
compositions of the terpolymers are presented in Table 1. 

Table 1. The molar compositions of the synthesized terpolymers. 





VBDCC 
(% molar) 


MMA 
(% molar) 


PFAEA 
(% molar) 


Quat-free 


0 


90 


10 


1% polymer 


1 


89 


10 


5% polymer 


5 


85 


10 


10% polymer 


10 


80 


10 


25% polymer 


25 


65 


10 



The reaction conditions for the terpolymers, [AIBN] / [M],otai = 1 .02 x 
10'^, reaction temperature 70°C and reaction time was 24 hours. After the 
reactions were completed in the corresponding interval, the products were 
first dissolved in chloroform and then precipitated in n-hexane 
(solution/precipitator = 1/10). The terpolymers were obtained by filtration, 
and dried in vacuum for 12 hours at room temperature. 




+ 



CHg 

H2C=C 



CH3 



Figure 2. Terpolymerization reaction scheme. 



Terpolymer 



2.4. Measurements 



Scanning electron microscope (SEM) analysis was carried out with a 
JEOL 840-A instrument. Growth curve analyses of the antibacterial 
terpolymer tests were performed with the aid of a Shimadzu UV-3150 
Ultraviolet-Visible-Near Infrared (UV-VIS-NIR) Spectrophotometer and 
Innova 4330 Relfigerated Incubator Shaker. The terpolymerization 
reactions were controlled by 500 MHz Varian Inova Nuclear Magnetic 
Resonance (NMR). Molecular weights of polymers were measured by 
polystyrene calibrated Waters Gel Permeation Chromatography (GPC) 
instrument. 





2.5. Electrospinning 
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The electrospinning setup (Figure 3) employed in this study was 
consisted of a high voltage (HV) power supply (GPS HV power supply 
Model 2594), a collector screen connected to a grounded electrode, and a 
vertically located syringe controlled by a Univentor 801 Syringe Pump. 
The terpolymer solutions were prepared for 15 wt % polymer in THF- 
DMF (50/50 wt %) solvent mixture. In each of the four electrospinning 
processes, polymer solution was transferred into a syringe, with a 16 
gauge stainless steel tip, and the flow rate of the syringe set to 5 pl/min. 
12 kV voltages was applied to the polymer solution, while the distance 
between the syringe tip and the collector screen was kept at 10 cm. 




2.6. Biocide Activity Tests 

A series of growth curve tests were carried out to investigate the 
antimicrobial activity of the polymers, with Escherichia Coli (XLl blue), 
a gram positive bacteria. For this purpose, similar concentrations of 
bacteria solutions were prepared in falcon tubes by diluting the overnight 
grown bacteria, at 37°C in incubator shaker, with LB Broth growth media. 
Electrospun polymers were put into different tubes and metal nets were 
placed onto the electrospun polymers in the tubes, in order to make the 
swimming polymer sink completely into the bacteria solution. In each 
experiment, one more bacteria solution was used as control group. Growth 
curve analysis of the bacteria was performed by recording the bacteria 
population in each tube in certain time intervals, by measuring the 
absorption via UV/Vis/NlR at 600 nm, which is the specific wavelength 
for E. Coli dissolved in water. Antimicrobial activity investigation of the 
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quaternary monomer and other biocides, such as industrial grade 
Nipaguard BPX and 2-bromo-2-nitropropane-l,3-diol, were also 
performed. 



3. RESULTS AND DISCUSSION 

3.1. Characterization 

Chemical structure of the synthesized quaternary monomer was 
confirmed by 'H NMR, where peaks around 7.4~7.6 ppm are assigned to 
the aromatic protons of VBC, the peaks between 5 and 7 ppm are assigned 
to the vinylic C-H and C=H protons and the peak around 4.9 ppm 
corresponds to benzylic protons. The peak of methyl groups were bonded 
to the nitrogen cation appears around 3.2 ppm. 

GPC analysis of the 1% terpolymer was performed and number 
average molecular weight (Mn) and weight average molecular weight 
(M„) were found to be 31700 and 59100, respectively. 

3.2. Imaging of Electrospun Polymers 

The photograph in Figure 4 is one of the electrospun terpolymers. A 
fluffy structure, like a piece of cotton on the foil, can be seen on the 
figure. While the electrospun quat-free (0% quaternary part containing) 
polymer had formed a flat film on the aluminum foil, the quaternary 
moiety containing ones, especially 25% polymer, did not stick to the 
surface. Fluffy structure’s amount increased with the increasing ratio of 
the quaternary monomer, starting from the 1% polymer to the 25%. So, 
the emergence of fluffy structure is related to the existence of quaternary 
ammonium part in the terpolymer. The quaternary moiety has restricted 
uniform lie of the fibers, probably because of its charged structure, and 
fibers heaped. However, the quat-free sample has formed a flat surface on 
the grounded aluminum foil. 

The Scanning Electron Microscope (SEM) images had displayed one 
more important distinction between QAC containing and not containing 
polymers (Figure 5): Fiber diameter distribution. The quat-free sample 
had uniform diameter distribution in the range of 150-250 nm. However, 
the 25% QAC containing sample showed a diameter distribution between 
40-800 nm, where one group was between 400-800 nm and a second 
group was 40-120 nm thickness. Similar occurrence had observed by 
Bognitzki et al. [14], where they used tetrabenzylammonium chloride 
(TEBAC) salt. Due to fiber diameter decrease, average fiber diameter 
(AFD) significantly decreases. So, effective surface area has increased per 
volume. This is important for tuning of the material properties. 
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Figure 4. Photograph of an electrospun polymer in fluffy structure. 




Figure 5. SEM images of (a) Quat-free polymer, (b) 25% terpolymer in fluffy structure, 
and (c) enlarged image of the same zone in b. 



3.3. Testing the Biocidal Activity 

The preliminary bacterial tests showed that 25% terpolymer 
(electrospun) has the most effective antibacterial property, which led to 
further biocide activity tests performed only with 25% terpolymer. 
Antimicrobial affectivity investigation of the quaternary monomer and 
other reference biocides Nipaguard and Bronopol was also performed 
(Figure 6). 

Water soluble quaternary monomer was detected to be quite effective 
against bacterial attack. However, similar effect could not be observed 
with the electrospun, water non-soluble terpolymer (Figure 7). Obvious 
success of the fine powdered polymer when compared with the 
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O O O O Quaternary Monomer 
D O O □ Nipaguard 
♦ ♦ Bronopol 

H — I — I — h Control 



Figure 6. Tests with the quaternary monomer and other biocides. 




0 0 0 0 Electrospun polymer 
# ♦ ♦ # Fine Powdered Polymer 
H — I — I — h Control 



Figure 7. Comparison of the 25% electrospun polymer with the same composition but in 
the fine powdered form. 

electrospun one led to further studies on hydrophobic property of the 
polymer. 25% QAC containing non-fluorinated polymer was synthesized 
and additional antibacterial tests were performed. 

Figure 8 represents the surviving bacterial population versus time, 
while testing with non-fluorinated polymer. The graph shows that both 
electrospun and non-spun non-fluorinated polymers had a marked biocide 
efficiency. Consequently, it was determined that the fluorinated, 
electrospun polymer showed less biocide activity because the hydrophobic 
property prevented the bacteria solution from entering the inside of the 
fiber ball and interacting with the single fibers; so the electrospun fiber 
ball behaved like a big solid polymer having much smaller surface to 
volume ratio than expected. 
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♦ ♦ ♦ ♦ Cos! film (non-lluorinated) 

0 0 0 0 Electrospun (non-fluorinoted) 
-I— I — I — I- Control 



Figure 8. Tests with non-fluorinated polymer 



4. CONCLUSIONS 

In the present study, synthesis of quaternary ammonium salt 
containing polymers was performed and their antibacterial activity was 
observed. The electrospinning of QAC containing polymers resulted in 
fluffy structures, probably due to the presence of charge. The presence of 
salt (here QAC) resulted very thin fibers as well as normal fibers. The 
effective concentration of quaternary monomer in the terpolymer for 
biocide activity against Escherichia Coli bacteria was found to be 25% 
molar in the polymer. Antibacterial activity of fluorinated terpolymer 
electrospun was detected to be weak, due to its low surface tension. So, 
the bacteria containing liquid could not penetrate inside and contact with 
the interior electrospun fibers. This had decreased the effective surface for 
applications. Fluorinated polymer may not give effective results for liquid 
applications, but may show enhanced properties at air filter applications 
due to its non-wetting property and smaller average fiber diameter. 
Finally, present study proves adjustable characteristic of electrospun 
fibers and their ability to be easily tunable according to specific needs. 
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Abstract: A new model of SWNT nucleation has been proposed in which an 
endohedral metallofullerene serves as the precursor of a nanotube nucleus, 
and the nucleus itself is formed as an adduct arising when metal atoms attach 
to the endofullerene shell. High efficiency of bimetallic catalysts is explained 
by double action of the metal catalyst in SWNT nucleation. First, one metal 
helps to create the formation of endometallofullerenes. Secondly, the other 
metal atoms attach to the endofullerene shell to transform an endofullerene 
into a nanotube nucleus. The relative efficiencies of La/Ni, Gd/Ni, Ce/Ni, 
Pr/Ni catalysts, in comparison to Y/Ni catalyst were measured and their high 
efficiency in SWNT formation has been demonstrated. 

Key words: carbon/metal vapor condensation, single-wall carbon nanotube 
nucleation, bimetallic catalyst 

1. INTRODUCTION 

High efficiency of bimetallic catalysts such as Y/Ni or Co/Ni in single- 
wall nanotube (SWNT, buckytube) synthesis is the most intriguing feature of 
the nanotube formation mechanism. In addition, quite recently Takizawa and 
co-workers [1] discovered experimentally that an increase of yttrium 
concentration entailed a noticeable increase of the nanotube diameters. On the 
contrary, in the same experiments an increase of nickel concentration caused 
only a minor change in the nanotube diameters. These experiments showed 
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that two metals in the catalyst mixture take different parts in the process of 
SWNT formation. 

The way of searching for an explanation for the mechanism of buckytube 
formation depends crucially on which of two existing approaches to its 
treatment is to be used. In the first approach, proposed by Smalley and co- 
workers [2,3], the process of SWNT growth is assumed to proceed along with 
condensation of carbon/metal vapor by absorption of small carbon molecules 
in the open end of the tube. In this case the temperature of buckytube growth 
should be as high as 2000 -2500 K. In the second approach [4,5], the SWNT 
formation process is supposed to be the condensed phase process of structural 
reconstruction and amorphous carbon serves as a source of carbon material 
for nanotube growth. In this case the growth process could proceed at a rather 
low temperature, which is evaluated as = 1600 K [4]. Here we offer additional 
theoretical and experimental arguments supporting the first model of the 
SWNT formation mechanism. 

2. THE SOURCE OF CARBON FOR SWNT GROWTH IN THE 
PROCESS OF CARBON/METAL VAPOR CONDENSATION 

If one supposes buckytubes to grow from amorphous carbon, the change in 
Gibbs free energy AG in the following reaction should be less than zero: 

C (amorph.) ^ C(S WNT), AG = AH - TAS ( 1 ) 

The entropy of SWNTs is much less than the entropy of amorphous carbon, 
because of high structural perfection of buckytubes. Thus, the enthalpy of 
formation of the amorphous carbon should be much higher than the value of 
the buckytubes to be sure the process (1) is running. According to the 
estimations made by De Bokx et al. [6] the energy contribution in enthalpy of 
the formation of amorphous carbon is because its disorder cannot not exceed 
15 kJ/mol. Thus, the following inequality can be written: 

AHf(C, amorph.) - AHf(C, graphite) < 15000 J/mol (2) 

The data presented in the literature [7] allows accurately estimating the 
enthalpy of buckytube formation as it follows [8]: 

AHf(C, SWNT) - AHf(C, graphite) = 6290+7120/c/^ (3) 

Thus, from (2) and (3) the following inequality results (J/C-mol): 

AHf(C, SWNT) - AHi(C, amorph.) > 1120! (f - 8710 (4) 
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where d is the buckytube diameter (nm). From the equation (4) it follows that 
the enthalpy change together with the Gibbs energy change in the process (1) 
surpasses zero for nano tubes with the diameter of 0.9 nm and is smaller, that 
is, they can not grow using amorphous carbon as the source of material. In the 
arc discharge process, the nanotubes of different diameters form 
simultaneously. For example, by using Ce/Ni catalyst [9] the buckytubes of 
the diameters in the range of 0.83 nm - 1.6 nm grow. Thus, if not to reject the 
possibility of SWNT growth from amorphous carbon, one should admit that 
the SWNTs are growing in different ways depending on their diameters. 
Considering this option as doubtful, we assume that the source of carbon 
material for buckytube growth in the process of carbon/metal vapor 
condensation may be only small carbon clusters of gas phase or the same 
clusters in the adsorbed state on the buckytube surface. 



3. KINETICS OF CARBON/METAL VAPOR CONDENSATION 

Since the boiling temperatures of the metals commonly used as the catalyst 
lie well below the temperature of the graphite sublimation (which is near 4000 
K), the process of vapor condensation always starts with the formation of pure 
carbon clusters. Analysis of the kinetics of pure carbon vapor condensation 
[10-12] showed the following. 

1. Mainly because of poor thermodynamic stability of fullerene shells 
condensation of carbon vapor starts only as the gas temperature drops to ~ 
2800 K. The whole process of condensation in the arc reactor under 
typical conditions for fullerene formation proceeds for a few milliseconds. 
The maximum rate of fullerene formation in the arc reactor is attained at 
2200-2400 K. 

2. A high yield of fullerenes, as in the experiments conducted under 
optimized conditions for fullerene synthesis, can be attained if only (i) the 
rate of cooling and mixing of carbon vapor with inert atmosphere is 
optimal and (ii) rather tough restrictions on the kinetics of carbon cluster 
growth are fulfilled. 

What is happening in the presence of a mixture of carbon/metal vapors was 
discussed in detail elsewhere [8]. Typical parameters of the condensation 
process using Y/Ni catalyst in the arc reactor are listed in Table 1. 
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TABLE 1. Condensation of carbon/metal vapor in the arc discharge process 
ofSWNT synthesis 



Element (boiling 
temperature, Tboii., K) 


Ni 

(3070) 


Y 

(3610) 


c 


Metal concentration in the 


catalytic mixture, at.% 


4% 


1 % 


94% 


Metal vanor concentration at 


the stage of C-vapor 
condensation (vol. units) 


~ 0.004 


-0.001 


-0.03 - 0.05 


Temperature of metal vapor 
saturation, K 


2270 


2300 


3300 - 3400 


Temperature of metal vapor 
condensation starting, K 


-2320 

(est) 


? 


-2800* 



T,K 




1 time, ms 



Fig. 1 . A picture of S WNT formation in the process of carbon/metal vapor condensation 



Nickel and yttrium vapors become saturated after the gas temperature 
decreases to = 2270 K and to = 2300 K, respectively. The calculated 
temperatures give only the low limits for onset of the condensation of the 
metal vapors, since the estimation did not take into consideration that the 
process of condensation goes through the formation of metal/carbon 
compounds, which have a lower saturated pressure of metal vapor compared 
to the equilibrium vapor pressure for liquid metal. Unfortunately, the structure 
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and thermodynamics of small carbon/metal clusters are entirely unknown at 
present, and this makes theoretical studies of condensation of carbon/metal 
vapor very difficult. 

4. THE MODEL OF SWNT NUCLEATION IN THE PROCESS 
OF CARBON/METAL VAPOR CONDENSATION. WHY 
BIMETALLIC CATALYSTS ARE HIGHLY EFFICIENT? 

Since metal vapors become supersaturated at temperatures, that are close 
to the temperature of the highest rate of fullerene formation (2200-2400 K), it 
is reasonable to suppose that metal atoms may enter a fullerene shell just as 
the latter is being formed. The possible picture is sketched in Fig.l and 
assumes that small carbon clusters, for example, cycles of C„ can form 
adducts with a metal atom at a temperature of about 2300-2500 K, just when 
the rate of fullerene formation attains its maximum. In this case, coagulation 
of those cycles, followed by rearrangement of an unstable intermediate 
structure could yield a fullerene shell with one or more metal atoms inside. 
Maruyama and co-workers [13] performed molecular dynamic simulations of 
the clustering process in carbon vapor with metal atoms such as La, Y, Gd, 
Ce. They demonstrated that metal-carbon clusters MCn (n ~15 - 40) with an 
open-cap appearance form easily at the temperatures of 2500-3000 K. These 
clusters grew larger with closing the open-cap structures at the «-value of 
about 40-50. Surprisingly, nickel atom at the final stage of metal/carbon 
cluster growth preferred to attach at the larger defect of the caged structure 
such as large rings of more than 7 or 8 members, and frequently moved in and 
out of the carbon cage. The especially high efficiency of bimetallic catalysts 
such as Y/Ni, La/Ni, Ce/Ni [1,9,14] is explained in the model by the double 
action of the metals in formation of a buckytube nucleus. First, metal atoms 
take part in formation of endometallo-fullerenes. For this purpose, 
condensation of metal vapor has to start on small carbon clusters before a 
fullerene shell begins to form. In this process the same metals suit very well 
which are very active in endofullerene formation, for example, yttrium, 
lanthanum, gadolinium. They possess high boiling temperatures, and their 
vapors being just in sufficiently low concentrations start precipitating at the 
temperatures of about 2400-2500 K. Second, metal atoms have to attach to the 
endofullerene shell for transformation of the latter into a buckytube nucleus. 
For this purpose such a metal suits well, which is only weakly active in 
endofullerene formation, and has a lower boiling temperature. The high 
performance of bimetallic catalysts lies in adjusting the values of two metal 
concentrations separately for each of these two purposes. Thus, experiments 
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of Takizawa and co-workers [1] have their natural explanation, because only 
the metals forming endofullerene affect the nanotube diameters. 

If the proposed model is true, different metals which are able to form 
endoflillerenes should be equally efficient as a catalyst in mixtures with 
nickel. We measured efficiencies of a set of bimetallic catalysts in comparison 
to the Y/Ni one. The results are listed in Table 2. Details of the experiments 
are described elsewhere [8]. 



TABLE 2. Efficiency of bimetallic catalysts Me/Ni in the arc process of single wall carbon nanotube 
synthesis 



Element 


Y 


La 


Gd 


Ce 


Pr 


Yb 


Tboil ; 


3610 


3730 


3553 


3613 


3633 


1484 


Optimized composition of 
the catalyst, at.%; 

He pressure 


0.8% Y 
3.2% Ni 
550 Torr 


0.6% La 
3.2% Ni 
550 Torr 


0.7% Gd 
3.3% Ni 
550 Torr 


0.8% Ce 
3.2% Ni 
450 Torr 


0.8%Pr 
3.2%Ni 
300 Torr 


varied 


Relative efficiency of the 
catalyst in the arc reactor 


1.0 


0.5-0.7 


~1.0 


~1.0 


0.5-0.7 


Trace of 
SWNTs 



The relative efficiency of a given catalyst was determined as the ratio of the 
SWNT quantity obtained in the optimized operational conditions for this 
catalyst to the quantity of SWNTs obtained in the optimized process with the 
Y/Ni catalyst. Measurement of SWNT content in as-produced material was 
performed by using absorption spectroscopy in near IR range of wavelengths. 





Figure 2. Raman spectra of SWNT samples in the region of the radial 
breathing modes (150-250 cm ’^ and of the G-band modes (near 1590 cm'* ) 
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The relative efficiencies are sure to depend much less than the absolute 
efficiencies upon systematic errors, which are inevitable in a procedure of 
measuring of SWNT content. Replacement of yttrium in the catalyst for 
lanthanum, praseodymium and cerium affects crucially the evaporation of the 
carbon/metal mixture because of a large difference in the ionization energies 
of these metals. Nevertheless, by variation of the arc process parameters 
conditions have been revealed where catalytic efficiencies of these metals 
were nearly as high as the efficiency of the Y/Ni catalyst (Table 2). We did 
not manage to find any favorable conditions for SWNT synthesis using Yb/Ni 
catalyst, and we attribute this fact to the low boiling temperature of ytterbium. 
Raman spectra of SWNT samples produced with different catalysts are shown 
in Fig.2. 
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Abstract: The formation of hexagonal boron nitride by carbothermic 

reduction of boron oxide and nitridation has been examined. Experiments 
were conducted in the temperature range of 1100-1500°C for durations 
between 15-240 minutes. Products were examined by X-ray, SEM and 
chemical analysis. The results showed that the reaction proceeds through a 
gaseous boron containing species, which is most probably B 203 (g). It was 
found that all of the carbon was consumed and formation of boron nitride was 
complete in 2 hours at 1500°C. 

Keywords: boron nitride, carbothermic, mechanochemical, nanotube 



1. INTRODUCTION 

Hexagonal boron nitride (BN) has a crystal structure similar to graphite; 
hence it is called ‘white graphite’. However, it is an electrical insulator and 
intensively used as a carbon substitute for its much higher chemical inertness, 
especially at high temperature. BN is not wetted by many metallic melts (Fe, 
Cu, Zn). Thus, some important applications are boats and crucibles for 
evaporation of metals and high temperature lubrication [1]. 

BN does not occur in nature and was first prepared in 1842 by reacting 
molten boric acid with potassium cyanide. However, it was not produced 
commercially until 1950s. Many methods have been used for the production 
of BN such as reacting boron oxide or boric acid with ammonia or urea at 
900-1500°C. Other methods are metallothermic or carbothermic reduction of 
boron oxide and nitridation [1,2]. 

This study has two principle aims. The first aim is to produce BN powder 
by carbothermic and mechanochemical methods. The second aim is to 
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investigate the formation of BN nanotubes by utilizing both the produced BN 
powder and from the B2O3 by mechanochemical method. In literature it has 
been reported that boron nitride nanotubes could be produced by this method, 
which involves high energy milling of boron powder under NH3, or BN 
powder under N2 gasses and annealing in N2 atmosphere [3]. 

2. FORMATION OF BORON NITRIDE BY 
CARBOTHERMIC METHOD 

Formation of boron nitride by carbon reduction of boron oxide in the 
presence of nitrogen gas has been studied in our department [4]. In this 
method, process proceeds according to the following overall reaction: 

B203(1) + 3C(s) + N2 (g) = 2BN(s) + 3CO(g) (1) 

Experiments were conducted at 1100, 1200, 1300, 1400 and 1500°C for 
two hours and also at 1500°C for 15, 30, 60, 90, 180 and 240 minutes. 
Products were examined by X-ray, SEM and chemical analysis. 

Results of the experiments are presented as a function of temperature and 
duration in Figures 1 and 2, respectively. It is seen from Figure 1 that the 
quantity of B2O3 in the reaction products of the experiments conducted for 2 
hours decreases and amount of BN increases with temperature. The amount of 
un-reacted carbon shows a significant decrease after 1300°C. It is also seen in 
Figure 2 that the amount of B4C increases after 1200°C up to 1400°C and then 
decreases, reaching zero at 1500°C. 




Figure 1. Variation of constituents of the products in the experiments conducted for 2 hours 
with temperature. 

It is seen from Figure 2 that the amount of B2O3 and carbon in the reaction 
product decreases with time and carbon is completely consumed in two hours 
at 1500°C. The quantity of BN forming increases with time up to two hours 
and remains constant afterwards. It is also seen in the experiments conducted 
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at 1500°C that the amount of B4C forming increases up to 30 minutes and then 
decreases reaching zero at 2 hours. 




Figure 2. Variation of the constituents of the products in the experiments conducted at 1500“C 
with time. 

Experiments have been carried out in order to investigate the role of B4C 
in formation of BN. To check the possibility of formation of BN proceeding 
through the intermediate species B4C, a pellet was prepared from a mixture of 
B2O3 and B4C and subjected to N2 at 1500°C for two hours. According to the 
results of this experiment, it may be stated that formation of BN from 
B2O3+B4C mixture is slower than that from B2O3+C mixtures. But this may be 
attributed to the specific surface area of the C being much larger than that of 
B4C powders. Therefore, the role of B4C as an intermediate product has not 
been clearly understood and it has been proposed that the formation 
mechanism may proceed either by reduction of B2O3 by carbon or through the 
formation and reaction of B4C as an intermediate product. 

Experiments conducted by use of different geometrical arrangements 
indicate that B2O3 and carbon need not be in contact for the formation of BN 
under N2 atmosphere and that BN formation reaction proceeds through boron 
containing gaseous intermediate species, which is probably gaseous B2O3. 
Rod-like particles and equiaxed particles are observed in Figure 3, from the 
SEM micrograph of the product of the experiment conducted at 1500°C for 1 
hour. Energy dispersive analysis by X-ray (EDAX) energy profiles obtained 
from spot analysis of small and large particles on the rod, indicated as 1 and 3, 
were found to exhibit only B and N peaks; these particles were concluded to 
be BN. The analyses on the rod-like particles suggest that they are as yet un- 
reacted carbon on which BN particles, unreacted B2O3 and perhaps also B4C 
exist. The results of the macroscopic and microscopic examinations indicated 
that C is necessary for formation of BN and that BN forms on carbon. 
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Figure 3. SEM micrograph of the product of the experiment conducted at 1500°C for 1 hour. 

3. FUTURE WORK PLANNED 

3.1 Mechanochemical Method for BN Synthesis 

High energy ball milling is a mechanochemical process of intimate 
mixing, grinding, fracturing, high speed plastic deformation, fragmentation, 
cold welding and micro diffusion occurring within a layer of powder trapped 
between two colliding surfaces during impact [3, 5]. This mechanical 
treatment intensifies transport of the reactants and increases the rate of 
diffusion, which is the limiting factor for many solid-state reactions. 
Reactions with various mechanisms have been performed with this technique 
such as gas-solid reactions [ 6 ], mechanical alloying [5], phase transformations 
[7] and mechanical activation of solid-solid reactions [ 8 ]. 

The effect of mechanical activation on the carbothermic reduction of 
minerals such as ilmenite and rutile was studied by Chen et ah, and it was 
reported that ball milling led to a significant lowering of the temperature 
range in which the carbothermic reductions occur [9]. Therefore, similarly, 
the formation process of boron nitride by carbothermic reduction and 
nitridation of boron oxide, which was conducted in the previous part of this 
study, will be performed with the aid of a high energy planetary ball mill. The 
effect of grain size reduction and mechanical activation on the reaction 
kinetics will be investigated. It is also known that a reaction between B 2 O 3 
and ammonia takes place at lower temperatures than carbothermic reduction 
and nitridation [1]. The reaction between ammonia and boron oxide will be 
conducted in the high energy ball mill and the possibility of the formation of 
boron nitride via mechanochemical process will be examined. 

3.2 Nanotube Formation 

Nanoscale materials such as nanoparticles and nanocomposites have been 
produced by the mechanochemical process [10, 11]. It has been reported that 
boron nitride nanotubes could also be produced by this method [3]. Other 
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methods of BN nanotube formation are arc discharge, laser ablation and 
chemical reaction [12-14]. The geometry of the formed tubes depends on the 
starting materials and the method used. In mechanochemical formation of BN 
nanotubes, elemental boron or BN powder is milled in a high energy ball mill 
for 100-150 hours under ammonia or nitrogen atmosphere, respectively. High 
energy milling transfers a large amount of mechanical energy into powder 
particles, leading to morphological, structural and chemical changes. BN 
nanotubes are formed during the following annealing process, at 1200-1300°C 
for 6-16 hours under nitrogen atmosphere [3, 15]. High energy ball milling 
has two fundamental roles on BN nanotube formation. First, it produces a 
high density of structural defects and a high level of microstrain on the milled 
powder, as a result of which the nitriding reaction can take place at this 
relatively low temperature. Secondly, it introduces nanostructures to the 
powder such as Fe nanoparticles and BN crystallites, even when the starting 
material is elemental boron powder. These nanostructures act as seeds and 
catalyze the BN nanotube formation [3]. It has been proposed that the 
formation of the nanotubes takes place by solid-state nucleation and growth 
mechanism through a thermally activated process of surface self diffusion 
[16]. The advantage of this method is that a large quantity of materials 
containing BN nanotubes can be produced and the formation process takes 
place at temperatures far below that of the arc discharge or laser ablation [15]. 
However, Fe contamination may cause problems in some applications and 
control of the geometry of the formed nanotubes may be difficult with this 
method. BN nanotubes have the potential to be used in composite materials, 
as filters, or as thermal or acoustic insulators. But none of these applications is 
at a stage of commercialization, yet. Unlike carbon nanotubes or carbon 
containing nanotubes, the semiconducting properties of pure BN nanotubes 
are supposed to be independent of tube geometry, with a gap of 5.5 eV; 
therefore they can be candidate materials for practical applications [13]. 

In the present study, a mechanochemical method is planned to be utilized 
in the production of boron nitride. Nanotube formation upon extended high 
energy ball milling and annealing of the produced powder will also be 
investigated. 
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Abstract: Silicon carbide fibers were synthesized from hydrate cellulose 

precursors by means of their carbonization in the presence of silica; 
carbothermal reduction applying carbonized hydrate cellulose fibers; liquid- 
phase siliconizing of carbonized hydrate cellulose fibers. By methods of 
thermal analysis, IR-spectroscopy and x-ray diffraction mechanisms of 
synthesis processes of silicon carbide fibers were studied. Phase composition 
and structures of obtained SiC-fibers were investigated and their mechanical 
properties were examined. It was found the maximal strength characterizes 
fibers synthesized by the method of liquid-phase siliconizing of carbonized 
hydrate cellulose fibers. The synthesized fibers are destined for serving as 
reinforcing agents of polymer, metal, ceramic and carbon matrices. 



1. INTRODUCTION 

Creation of composite materials based on polymer, metal, ceramic and carbon 
matrices reinforced by high-strength and high-modulus fibers is still one of the 
most promising trends of the contemporary materials science. The most 
appropriate fibers for this purpose are silicon carbide fibers which excel by 
high strength and heat resistance, high elasticity modulus, chemical stability 
under aggressive media and when contacting with matrix materials having 
different nature in solid or liquid state. The most frequently used reinforcing 
agents for different kinds of matrices are SiC composite fibers “Nicalon” and 
thread-like crystals (whiskers) which are obtained from fibrous organosilicon 
precursors [1-7]. However, the whiskers processing is quite complicated. There 
are also certain limitations when applying the composite fibers at high 
temperatures. So, it is necessary to create SiC fibers of simpler, cheaper and of 
more ecologically safe manufacturing. According to [7], to produce high- 
temperature silicon carbide fibers applying porous activated carbon fibers 
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subjected to siliconizing in Si or Si-containing compounds vapors while adding 
components of boron or its compounds activating consolidation at high- 
temperature treatment. As precursors of carbon fibers they are mainly polymer 
synthetic artificial or natural fibers. General mechanisms of carbon fibers 
obtained from different precursors have already been sufficiently studied and 
the processes of destruction and formation of a carbon framework could 
describe physical-chemical reactions of transformation of polymer fibers into 
carbon fibers. 

It is of interest to produce silicon carbide fibers from hydrate cellulose. The 
prerequisites for the problem statement are physical-chemical properties of hydrate 
cellulose, which is widely applied in producing of carbon fibrous materials. The 
capacity of hydrate cellulose to swell and to absorb considerable amounts of water and 
aqueous solutions is a property which allows to obtain ceramic fibers because it makes 
it possible to saturate hydrate cellulose fibers by any kind of soluble compounds, e.g. 
by aqueous salts solutions. Then, using further thermal treatment under controlled 
conditions, it becomes possible to obtain fibrous materials saturated by oxides, metals 
or carbides. Therefore, the purpose of the present paper is to study basic mechanisms 
of hydrate cellulose transformation into silicon carbide under its chemical and thermal 
treatment. 

2. METHODS 

For experiments hydrate cellulose fibers of purity not less than 99.0% (the 
remainder contains calcium oxide, silica, iron oxides etc.) were used. There 
were applied two kinds of viscose fibers of diameter of 10-15 pm - cord thread 
of spherical configuration and silk textile fiber of cut configuration. 
Furthermore, silk textile fiber, in contrast to wholly crystalline cord thread, 
contains a substantial amount of amorphous phase (~ 30%). Two different 
ways of silicon carbide fibers synthesis were used. According to one of them 
the fibers were subjected to impregnation by sodium silicate solutions with 
further precipitation of silicon acid, then heat treated at up to 2000 “C under 
nonoxidizing media. The amount of impregnated silica in cord fibers was 
about 10%, and in textile fibers about 35%. In other cases, as-carbonized fibers 
of hydrate cellulose were siliconized by liquid-phase method or else in Si- 
containing vapor. 

Structure and composition studies at different steps of the transformation of 
hydrate cellulose into silicon carbide were conducted using methods of IR- 
spectroscopy, thermogravimetry and differential thermal analysis, x-ray 
analysis and electron microscopy. Derivatography investigations were carried 
out by means of the instrument “Derivatograph-K” of the Flungarian company 
“MOM”, bleating of the samples under investigation was conducted in high- 
purity argon current with the heating rate of 3 grad/min. The phase 
composition of fibers was examined using x-ray diffractometer “DRON-1.5” 
(CuKa). IR-spectroscopy studies were conducted using spectrometer “Specord- 
75IR” within the absorption frequency range of 400 to 4000 cm *. Electron 
microscopy studies were carried out using the instrument “CAMECA-50” 
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under scanning and translucence conditions combined with local x-ray analysis 
and microdiffractometry. Specific surface, pore specific volume and pores 
sizes were evaluated by adsorption-structural method using the device ASAP- 
2000M. 

3. RESULTS AND DISCUSSION 

3.1. Obtaining Silicon Carbide Fibers by Means of Carbonization 
of Hydrate Cellulose Saturated with Silicon Acid Gel 

Studying the pyrolysis process of hydrate cellulose saturated by silicon acid 
gel by methods of differential thermal and thermogravimetric analyses, IR- 
spectroscopy and x-ray diffractometry has allowed discovery of basic 
mechanisms of the transformation of hydrate cellulose fibers into silicon 
carbide fibers. All the investigation results represented below refer to the fibers 
samples made of textile hydrate cellulose. Nevertheless these basic 
mechanisms are also typical for cord fibers. Figure 1 shows the results of 
differential thermal analysis and thermogravimetric analysis of hydrate 
cellulose fibers samples saturated by silicon acid gel. The maximum mass loss 
rate is observed at 160-265 “C (TG and DTG curves) and the mass loss 
maximum occurs at 600 °C. An exothermal effect corresponds to the 
temperature range of 160 to 265 °C (DTA curve). IR-spectroscopy 

investigations of the samples in 
question suggest transformations 
occurring in the system of hydrate 
cellulose and silicon acid when it is 
subjected to annealing at 100-2000 “C 
(Figure 2). At 100-150 “C the system of 
two polymers, i.e. hydrate cellulose and 
silicon acid, is being formed. The IR- 
spectra of the samples contain all the 
absorption bands that are characteristic 
for this system [8]. As the annealing 
temperature increases up to 400 °C the 
representative absorption bands of 
hydrate cellulose disappear, and when 
the temperature reaches 600 °C absorption bands which represent hydration 
water of silicon acid gel disappear. Absorption bands (v=940-960 cm'*) that 
could represent newly formed Si-O-C bonds are starting to appear on the 
spectra at 200 °C and it should testify an interaction in the system and 
formation of intermediate compounds in the likeness of organosilicon 
compounds. Obviously, the beginning of this interaction conforms to the start 
of cellulose dehydration. The exothermal peak appearance on the DTA curve 
(Figure 1) also agrees with this. The absorption bands ascribed to Si-O-C 




Figure 1. Curves of TG, DTG and DTA of 
hydrate cellulose saturated with silica 




124 



bonds of the intermediates register in the spectra up to the temperature of 600 
“C [9-10]. Besides at the annealing temperatures above 600 °C changing of the 
absorption bands of Si-0 bonds occur confirming formation of amorphous 
silica and its crystallization. It was found that at 800-1200 °C there appear 
absorption bands of Si-O-C and Si-C bonds (930-900 cm ') that could be 
ascribed to the inorganic phase SiOC. Starting from the temperature of 1200 °C 
absorption bands appear which are ascribed to Si-C bonds of (5-SiC formation. 
At above 1600 “C the IR-spectra contain only the absorption bands which are 
characteristic for Si-C bonds. Figure 3 shows x-ray diagrams of hydrate 
cellulose fiber samples saturated with silicon acid gel after annealing in the 
temperature range of 1000-2000 “C. According to these data, crystalline silica 
(cristobalite) appears at the temperature of 1000 °C and exists up to 1400 °C at 
temperatures above 1200 “C appears silicon carbide of (3-type; at 1500 °C and 
above there are peaks of (3-SiC, amorphous carbon halo, and a peak which 
could be ascribed to graphite-like carbon. Therefore it could be established, 
that the conversion of hydrate cellulose saturated by silica into silicon carbide 
is a complicated process which includes different physicochemical reactions, 
i.e. pyrolysis and carbonization of hydrate cellulose; silicon acid gel 
dehydration, formation of organosilicon - like intermediates and their desfruction; 
formation of amorphous silica and its crystallization in the form of cristobalite; 
and the formation of intermediate phase of SiOC, silicon carbide synthesis. 

3.2 Carbothermal Method of Silicon Carbide Fibers Synthesis 

To synthesize silicon carbide fibers there hydrate cellulose fibers containing 
not less than 95% of carbon which werpreliminarily carbonized at 800-900 “C 
were used. Silicon acid gel was precipitated on the fiber surface with Si02/C 
ratio no less than 1/3. The fibers were subjected to calcination to remove 
hydration water and then to isothermal annealingin the temperatures range of 
1400-2000 “C under nitrogen or argon media. Silicon carbide formation took 
place in correspondence with the total scheme of chemical reaction Si02 + 3C 
= SiC + 2CO starting at 1400 “C. The reaction completeness at this 
temperature depended on annealing duration that required at least 2 hours. As 
the temperature was increased the synthesis duration shortened, so at the 
temperature of 1800 “C, 20 minutes are sufficient to completely convert 
carbonized fibers into silicon carbide fibers. On x-ray diagrams of the samples 
annealed at 1400 “C there are mainly peaks of a-cristobalite, and also several 
peaks which could be ascribed to (3-SiC. Whereas x-ray diagrams of the 
samples annealed at 1 800 °C contain peaks that could only belong to (3-SiC 
(figure 4). Formation of volatile substances (SiO, CO) as well as oxide film 
presence on the fibers surface facilitates initiation and growth of SiC thread- 
like crystals (whiskers). It is possible to control whiskers growth by means of 
creation of adjustable synthesis media. 
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3.3 Liquid-phase Siliconizing Method of SiC-fibers Synthesis 

The process of hydrate cellulose fibers siliconizing was combined with their 
carbonization by means of placing silicon close to fibers so that when melted 
silicon could come upon the fiber surface. The heating temperature of the 
siliconizing process was within the range of 1700 to 2000 °C. The resultant 
fibers consisted mainly of (3-SiC and of trace quantity of a-SiC. 





wave number, cm"' wave number, cm"' 

Figure 2. IR-spectra of the system “hydrate cellulose (HC) 
- silicon acid gel” samples: 1 -initial HC, 2- silicon acid 
gel, 3-150 °C, 4-200 “C, 5-250 ”C, 6-300 »C, 7-350 °C, 8- 
400 “C, 9-500 “C, 10-600 ”C, 1 1-800 “C, 12-1000 °C, 13- 
1200 “C, 14-1400 “C, 15-1600 “C, 16-1800 “C, 17-2000 
»C 
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3.4, Structure and Properties of Synthesized SiC Fibers 

Figure 5 represents silicon carbide structures obtained in different ways. The 
structure of fibers made by means of carbonization of hydrate cellulose 
saturated by silica depends on heat treatment temperature. At the annealing 

temperature of 1200 °C the SiC fibers 
result having a smooth surface, 
whereas after annealing at 1400 °C and 
above the fibers structure is 
polycrystalline. In the picture obtained 
by electron microscope in scan mode 
of the fibers annealed at 1500-1800 °C 
(Figure 5) one can see the grains that 
measure 50-150 nm, and the method of 
x-ray coherent dissipation shows the 
grain size to be about 40-50 nm. 
Further heat treatment temperature 
increase leads to the fibers changing, 
i.e. the surface irregularity of the fibers 
obtained from textile precursors 
increases and the fibers obtained from 
cord thread lose their roundish form. 
The stmcture of polycrystalline fibers 
obtained by method of carbothermal 
reduction is remarkable for its high 
porosity distributed by volume (figure 
5). The grains of these fibers measure 
within the range of 50 to 150 nm. The 
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Figure 3. XRD patterns of hydrate cellulose 
samples saturated with silica after annealing 
at: a- 1200 °C, b-1400 °C during 1 hour 




Figure 4. XRD patterns of SiC-fihers 
synthesized hy carbothermal reduction at 
1800 °C 



fibers obtained under media saturation by SiO-vapors are characterized by a 
substantial quantity of SiC-whiskers growing on their surface. 



Table 1. Structure characteristics and mechanical properties of silicon carbide fibers 



Method of fibers synthesis, 
fibers type 


Mean SiC 
grain size, 
nm 


Bulk 

density, 

g/cm^ 


Specific 

surface, 

m^/g 

BET 


Strength, 

MPa 


Thermal treatment of hydrate cellulose 
saturated by Si 02 


T=1600°C 


45 


2.55 


19.2 


<100 


Liquid-phase siliconizing, T=2000 °C 


100 


2.82 


2 


200 


Carbothermal synthesis, 1 800 °C 


50-100 


2.657 


25 


150 



Since the growth centers of whiskers are the surface grains of the 
polycrystalline fibers, the whiskers cross sections are determined by these fiber 
grain sizes. 
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The fibers obtained by means of liquid-phase siliconizing, in contrast to all 
above considered fibers, keep dimensions and the shape of carbonized 
precursor (figure 5). They distinguish from the fibers obtained by other 
methods due to the densest and smoothest surface. It corresponds to the 
results of measurements of bulk density, specific surface and specific pore 
volume as well as the trials results of mechanical strength of fibers obtained in 
different ways (table 1). To estimate the mechanical properties of fibers 
studied, composite specimens based on polymer matrix were prepared. As it is 
shown in the table, fibers obtained by liquid-phase siliconizing have maximal 
strength about 2000 MPa. The rather high strength values have whiskerized 
fibers obtained by means of carbothermal reduction. Taking into 
consideration high values of specific surface and pores specific volume, it 
may be concluded that these high strength properties are conditioned by the 
presence of whiskers. The lowest strength characterizes fibers synthesized by 
carbonization of hydrate cellulose fibers saturated by silica. Summarizing the 
results, it is possible to make conclusion that the reached level of mechanical 
properties of synthesized silicon carbide fibers justifies the chosen way of 
high-strength fibers elaboration. 

4. CONCLUSIONS 

Using methods of thermal analysis, IR-spectroscopy and x-ray diffraction 
mechanisms of obtaining silicon carbide fibers from hydrate cellulose 
precursors by means of their carbonization in the presence of silica were 
studied; carbothermal reduction by applying carbonized hydrate cellulose 
fibers and by liquid-phase siliconizing of carbonized hydrate cellulose fibers. 
Phase composition and structures of obtained SiC-fibers were investigated 
and their mechanical properties were examined. It was found that the maximal 
strength characterizes fibers synthesized by the method of liquid- 
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Figure 5. Microstructure of SiC obtained by different methods. 

Carbonization of hydrate cellulose saturated by silica: a-cord, 1200 ®C, b-cord, 1400 ®C, c-cord 1500 ®C, d- 
textile, 1200 “C, e-textile, 1400 “C. f-carbothermal reduction, 1850 “C, g-whiskerized fiber, 1750 ®C, h- 
liquid-phase siliconizing, i- side surface fiber made by liquid-phase siliconizing 

phase siliconizing. Though the fibers obtained by other methods possess 
insufficiently high strength to use them as reinforcing fillers for constructive 
materials, there is an opportunity to increase their strength by means of 
injecting additives that activate their consolidation and sintering at high 
temperatures. 
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Abstract. The structure of HipCO single-wall carbon nanotubes was 
controlled by Raman scattering during the material heating in three 
ways: in a laser beam (“in situ"), in an optical oven (“in situ”) and 
after a preliminary heating in the oven followed by Raman 
measurements. All experiments have demonstrated a diameter- 
selective oxidative etching of the smallest nanotubes (8 - 10 A) at 
temperatures 400 - 450 ° C. 



1. INTRODUCTION 

Carbon nanotubes, discovered 10 years ago, are still the focus of 
scientific interest due to their unique physical and chemical properties 
and quantum dimension. 

The majority of methods provide less than 20% content of 
nanotubes in a raw material. Recently, a new method for the SWNT 
production - catalytic decomposition of CO under high pressure 
(HipCO) - has been proposed [1]. The method provides a material 
purity up to 99 weight % after a simple chemical purification. The 
structure of HipCO material is different from that of nanotubes 
produced by other methods. A wide diameter distribution of the 
nanotubes, including very small diameters ~7 A, is a characteristic 
feature of HipCO material. Since the quantum properties of the 
nanotubes are best seen for nanotubes with small diameters, such 
nanotubes are most interesting for investigations. 



S. Gucerietal. (eds.), Nanoengineered Nanofibrous Materials, 131 - 136 . 
© 2004 Kluwer Academic Publishers. Printed in the Netherlands. 




132 



Up to now very few works devoted to the thermal modification of 
single-wall carbon nano tubes have been published [2,3]- An advantage 
of our experiment is a possibility of "in-situ" observation of thermal 
modifications of nanotubes induced by different sources [4], 




Fig.l. HRTEM view of the pristine HipCO material. 



2. EXPERIMENTS AND DISCUSSION 

In the course of this work a thermal dependence of the position and 
form of the Raman bands has been revealed. The sample was heated 
in a laser beam and in an oven on air. For excitation, the radiation of 
Ar^ (514 nm) and Ar^-Kr^ (676 nm) was used. The material was 
synthesized by a method of catalytic decomposition of CO under high 
pressure (HipCo) {Fig. 1). The Raman spectra were registered at the 
consecutive values of the laser power density in the range 0,06-1,4 
KW/cm^ 




Fig. 2. Raman spectra of SWNT at different laser power densities. 
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In Fig. 2 the Raman spectra of the single-wall carbon nanotubes 
(SWNT) are shown. The most essential changes of the form of the 
Raman spectrum were observed at laser power density 0,15-0,45 
kW/cm^ [5]. In a low-frequency spectral range, the Raman spectrum 
demonstrated four peaks. They correspond to the nanotubes with 
diameters 9.1, 9.8, 11.8, 13.3 A. The intensities of the peaks of the 
smallest tubes (with diameters 9.1 and 9.8 A) decreased while the laser 
power density increased. The most intensive peaks were observed with 
laser power density 0,2 kW/cm^. The peaks for tubes of 9.1 and 9.8 A 
have disappeared completely at 0,45 kW/cm^. This change appears to 
be irreversible. While the laser power density decreased back to the 
initial value only peaks corresponding to the nanotubes with diameters 
11.8 and 13.3 A were observed in the Raman spectrum. The tangential 
mode shifted toward low frequencies at elevated temperature. Also, the 
tangential mode shape changed from a metallic-like type to a 
semiconductor-like type due to annealing of the smallest tubes. 

To determine the value of the linear thermal shift of the tangential 
mode a special set of measurements of nanotubes in an optical oven 
has been performed. To exclude the material modification, a low 
power density of the laser beam was used for all measurements in the 
optical oven. The value of the thermal shift has been estimated as 0.03 
cm'Vgrad (Fig. 3). 




Temperature, C” 



Fig. 3. A dependence of the tangential Raman mode shift on 

A dependence of the tangential mode shift on the laser power density 
is shown in Fig.4. In the graph point, which corresponds to a 
disappearance of the Raman signal from nanotubes with diameters 9.1 
and 9.8 A, the dramatic graph slope change is observed. At the lower 
laser power density the slope angle is bigger than at the higher power 
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density. Hence, a presence of small nanotubes makes heating more 
effective. 

After thermal oxidation of metallic nanotubes with diameters 9.1 
and 9.8 A, the material becomes porous. This breaks the integrity of 
the sample surface and results in a decrease of the area of effective 
absorption of the laser beam. Therefore, the further heating proceeds 
slower. 




Fig.4. A dependence of the tangential Raman mode shift 
on the laser power density Ar (X=514.5 hm). 

For observation of the smallest nanotubes, a laser radiation with 
wavelengths 647 nm and 676 nm was used, since, for nano tubes with 
the smallest diameters, the resonant effect is expected under excitation 
of -1.8 - 2 eV. In our case, the radiation with these wavelengths had a 
low power output. This did not allow for sample etching "in situ” 
under the laser beam. Therefore, etching was made in advance in the 
oven. For the stabilization of experimental conditions, the 
measurements have been performed in a cryostat at liquid nitrogen 
temperature. 

A series of experiments on heating the initial sample to different 
temperatures followed by Raman measurements have been carried out. 
Heating was done in the furnace in air at various temperatures ranging 
from 300 to 500°C with the step 50°C. After etching, the samples were 
fixed on a substrate and were placed in cryostat at 95-97K. Samples 
were investigated at three wavelengths of stimulating laser radiation 
(Ar^-Kr^ laser - 514 nm, 647 nm and 676 nm). 
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Fig.5 Raman spectra of the single-wall carbon HipCO nanotubes 
after etching at different temperatures. 

In Fig. 5 the Raman spectra of single-wall carbon HipCO nanotubes 
after etching at various temperatures are presented. The diameter of 
nanotubes contained in a sample was calculated. After minimal 
etching, the spectrum demonstrates peaks corresponding to the 
nanotubes with diameters 7.9, 8.4, 9.1, 9.5, 9.8, 10.5, 12.1 and 13.3 A. 
A mutual comparison of Raman spectra, obtained at various 
temperatures, has revealed the irreversible changes. An intensity of the 
"breathing" mode corresponding to the nanotubes with the smallest 
diameters decreased while the temperature increased. At temperature 
higher than 450 °C, these modes have disappeared completely. 

Thus, using laser radiation with energy 1.8 eV, we had an 
opportunity to observe thermo-induced change in Raman spectra of 
HipCO nanotubes with the smallest diameters. A diameter-selective 
oxidation effect has been observed in this case too. 

3. CONCLUSION 

In this work a selective oxidation of the smallest HipCO nanotubes 
has been observed by Raman spectroscopy. Three types of heating 
have been used: "in-situ" laser heating, "in-situ" heating in the optical 
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oven with a temperature control and a preliminary heating in the oven 
followed by Raman measurements. The results of all experiments show 
that the Raman signal corresponding to the nanotubes with diameters 
8-10 A disappeared at temperature 400 - 450° C due to diameter- 
selective oxidative etching. The small tubes are assumed to be less 
stable with respect to heating due to a high tension of chemical bonds 
on curved surface. The Raman data have been confirmed by data of 
high resolution transmission electron microscopy (HRTEM) 
measurements [6]. 
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Abstract: Our work is based on the first-principle pseudopotential plane 

wave calculations and involves the physisorption of oxygen molecule together 
with its equilibrium binding geometry and corresponding electronic energy 
stmcture. The triplet state of the physisorbed oxygen molecul is found to be a 
ground state. For different adsorption sites and pattern of coverage, 
selfconsistent field electronic energy stmcture calculations using the 
optimized physisorption stmcture corresponding to triplet ground state result 
in a small energy gap between unoccupied oxygen levels and the top of the 
valence band of the semiconducting carbon nanotube. In contrast to earlier 
studies, our results invalidate themetallization or hole doping of 
semiconducting carbon nanotube upon the physisorption of oxygen. 



Keywords: Carbon nanotubes, adsorbate stmcture, magnetic materials. Ab- 
initio calculations of adsorbates 

1. INTRODUCTION 

Recent studies have shown that the physical properties of single wall 
carbon nanotubes (SWNT’s) can be modified by the adsorption of foreign 
atoms or molecules [1, 2, 3, 4, 5]. Collins et. a/.[l] found that exposure to air 
or oxygen dramatically infiuences electrical resistance and the thermoelectric 
power of a semiconducting SWNT. A semiconducting SWNT, which can be 
reversibly converted to a conductor by a small concentration of adsorbed 
oxygen has been proposed as a candidate for chemical sensor devices.[l] 
Several theoretical works aimed at the understanding of physical and 
chemical mechanisms underlying the enhanced conduction upon O 2 
exposure.[6, 7, 8, 9, 10, 11, 12] Jhi et. a/.[6] were first, who investigated the 
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effect of adsorbed O 2 on the semiconducting (8,0) SWNT by using 
pseudopotential plane wave method. Furthermore, they found the empty 
energy bands derived from oxygen states are overlap with the valence band of 
SWNT and give rise to a finite density of states at the Fermi level, Ep . In 
view of these results, they attributed the observed reduced resistance of the 
semiconducting SWNT upon O 2 exposure [1] to the hole-doping [6]. In 
contrast to this finding, the experiments by Derycke et. a/. [13] have showed 
that the main effect of oxygen physisorption is not to dope the bulk of the 
tube, but to modify the barriers of the metal-semiconductor contact. The hole- 
doping picture for the O 2 physisorbed on the zigzag semiconducting tube has 
been refused also by recent first-principle studies [14, 15]. This paper 
investigates the atomic and electronic structureof the O 2 physisorbed zigzag 
SWNTs and further clarifies the effect of the adsorbed O 2 on the electronic 
structure. 

2. METHOD OF THE CALCULATIONS 

We performed first-principles total energy and electronic structure 
calculations using pseudopotential planewave method within spin-polarized, 
generalized gradient approximation (GGA) [16]. Calculations were carried 
out using periodically repeating tetragonal supercell with in-plane lattice 
constants asc = bsc and Csc along the axis of the tube. To reduce the O 2 -O 2 
coupling, we used Csc = 2c, i.e. double cell (c is the one dimensional lattice 
constant of the tube). Ultrasoft pseudopotentials [17] for C and O, the kinetic 
energy cut-off up to 400 eV and 6-12 Monkhorst-Pack [18] special k-points 
were used. For all systems we studied all atomic positions of adsorbate and 
SWNT, as well as c were fully optimized by using the conjugate gradient 
method. We studied the adsorption of O 2 on the (8,0) zigzag SWNT. The bare 
(8,0) tube is a semiconductor with a band gap of 0.64 eV. 

3. PHYSISORPTION OF OXYGEN MOLECULE 

We studied the bonding of O 2 by placing the molecule at different sites 
on the SWNT, and by calculating the binding energy corresponding to the 
optimized structure. Different physisorption positions described in Fig 1, i.e. 
on top of the axial C-C bond (A-site), above the center of the hexagonal 
carbon rings (H-site), on top of the zigzag C~C bond (Z-site), and 
perpendicular to the axis of the tube and above two adjacent zigzag bond (T- 
site) were considered. The binding energy involves short (Es) and long (Evdw) 
range interaction, i.e. Et, - Eg + Eydw- By definition, Et, > 0 corresponds to 
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a stable and exothermic bonding. In some cases, Es < 0 is endothermic, but it 
corresponds to a local minimum where the desorption of O 2 from SWNT is 
prevented by a barrier. The contribution of the short range (chemical) 
interaction to the binding energy is calculated by using the expression 

Es = Et[SWNT\+Et[02]-Et[02 + SWNT\ (1) 



in terms of the total energies of the fully optimized bare SWNT, Ej [SWNT], 
the individual molecule, Ej [O 2 ], and O 2 adsorbed on the SWNT, Ej [O 2 + 
SWNT], which are calculated by using the same supercell, and the same 
parameters of calculation. The van der Waals energy is calculated by using 
the asymptotic form of the Lifshitz expression[19]. 



A 




d,_^=2.90A 
= -5 meV 
= 120 meV 



= 2 . 89/1 
= 4 meV 
E„ =159meV 



t/_=2.70A 
E^ = -27 meV 
=158 meV 



dr n=2MA 
E^ = 37 meV 
E^=\9\meV 



Figure 1. Schematic description of the physisorption sites of O 2 molecule on the (8,0) SWNT. 
The GGA optimized distance from one O atom of the molecule to the nearest C atom of SWNT 
is denoted by dc-o- Es is the GGA chemical bonding energy for spin-polarized triplet state. E* 
is the binding energy including the van der Waals interaction. (Reproduced 
from Ref [14]) 



Our results for the bond dissociation energies of O 2 , Ej [O 2 ], obtained from 
the double supercell is 8.60 eV and 5.86 eV for spin-unpolarized and spin- 
polarized triplet state calculations, respectively. The triplet state is the ground 
state of 02- The experimental bond energy of O 2 in the triplet state, 5.2 
eV[20], is in fair agreement with the calculated value of 5.86 eV found in this 
study. The small binding energies in Fig. 1 are characteristics of 
physisorption. Spin-polarized calculations yield relatively lower (stronger) 
total energies, E7- [O 2 + SWNT] and hence set the triplet state as the ground 
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State with a net magnetic moment of ~2|Jb (Bohr Magneton) per unitcell. In 
this case, GGA chemical bonding energies are generally weakened and at A- 
and Z- site; they become even negative with Es =-5 and -27 meV, 
respectively. The spin-polarized calculations yield that T-site is energetically 
most favorable site with Es=37 meV. Then the binding energy Et, is found to 
be 191 meV by adding Eydw=^54 meV to Es. This binding energy is in 
agreement with the recent measurement by Ulbricht et. a/. [21] We note that 
these binding energies are small, and become exothermic mainly owing to the 
long range vdW interaction. Relatively higher binding energy at T-site is 
attributed to relatively higher number of nearest neighbors of physisorbed O 2 
and also to two strained zigzag C-C bonds deviating from sp^-character. 

4. ELECTRONIC STRUCTURE 

In this section, we will examine the electronic structure corresponding to 
these adsorption patterns. Because of supercell method used in the present 
study we obtain energy bands and density of states corresponding to a 
periodically repeating adsorption pattern. For the energy level structure of a 
single adsorbate, the adsorbate-adsorbate interaction indigenous to the 
supercell method can be reduced by taking relatively longer cell sizes 
allowing 
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Figure 2. (a) Spin unpolarized energy bands of the (8,0) bare s-SWNT; (b) Insulating, spinpolarized 
Opp7T*( T ) and OppjT* ( i ) bands derived from metallic, spin-unpolarized bands of the individual O 2 chain 
having the lattice parameter c; (c) spin unpolarized energy bands of the O 2 physisorbed on the (8,0) tube 
with Opp 77 * state pinning the Fermi level, (d) Spin-polarized bands corresponding to (c). Zero of energy is 
taken at the Fermi level shown by dash-dotted line. Up-spin and down-spin bands are indicated by 
corresponding arrows. Here Csc - c. (Reproduced from Ref [14]) 
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longer nearest neighbor distances. Under these circumstances the bands are 
flatten and represent the energy level of the dopant. In Fig 2(a) we present 
the band structure of the bare (8,0) SWNT, which is a semiconductor with a 
band gap Eg ~ 0.64 eV at F-point between the bottom of the conduction band 
Ec and the top of the valence band Ev . The n*-o* hybridized singlet state is 
in the conduction band. [23, 22] The free linear chain of O 2 molecules, in 
principle, has a weak bonding state with an equilibrium lattice parameters 
slightly larger than c. In Fig 2(b), the free linear chain of O 2 in registry with 
the (8,0) tube has half-filled, doubly degenerate ppir* bands. For the triplet 
state, (which is energetically more favorable than the spin unpolarized state as 
well as singlet state) these bands split into two doubly degenerate bands 
[ppTT*{ t ) and ppTT*{ i )]. The ppTT*{ t ) band is filled and separated from the 
empty ppTT*{ i ) bands by an energy gap of ~2 eV. In Fig 2(c) spin 
unpolarized GGA calculations with Csc = c yield doubly degenerate, half- 
filled ppTT* bands in the band gap for the physisorption of O 2 at A-site. The 
Fermi level touching the top of the valence band Ev makes the system 
metallic. The above situation is, however, changed in the spin polarized 
calculations, which yields the triplet state as the ground state. Under these 
circumstances two Oppjj* bands are split into four bands, two of them occur 
~2eV below the valence band of s-SWNT. Remaining two empty bands rise 
350 meV above Ev at the f-point and make a band gap of 90 meV [see Fig 
2(d)]. Note that the bands here are only the artifact of the supercell method, 
and hence in the absence of band dispersion the energy level due to the single 
physisorbed O 2 and the top of the s-SWNT valence band, Ev shall be 
relatively larger than the calculated band gap. Our arguments have been 
justified by double cell calculations in which the O 2 -O 2 coupling is reduced 
due to the large distance (~7 °A) between nearest molecules. In this case, 
sizable energy band gap of 0.2-0.4 eV occurs between Ev and the unoccupied 
spin-down bands [Oppn*{ i ) states] of oxygen molecule. This situation 
eliminates the hole doping picture. The dispersionless Oppn^*( i ) bands 
indicate that the coupling between O 2 molecules are negligible. 

The effects of band formation are examined by studying the electronic 
energy structure corresponding to various patterns of physisorbed O 2 . In Fig 3 
we show the band structures and density of states calculated for the zigzag 
chain and row of O 2 physisorbed on (8,0) s-SWNT in the triplet ground state. 
In the zigzag chain, O 2 molecules are placed initially above the adjacent axial 
C-C bonds (i.e. A-sites), but upon relaxation they are tilted by 40° and 
inclined side ways to increase 0-0 separation of nearest molecules. We 
calculated the chemical bonding energy Es~56 meV/molecule. Since the 
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number of O2 molecules per single cell is doubled, the Opp77*( T ) and 
Opprr*( i ) bands are doubled as compared to those illustrated in Fig 2(d). The 
system is a semiconductor with a direct band gap Eg ~0.4 eV. As clearly seen 
from the total and partial density of states the Oppjr* bands are split by ~ 2.5 
eV upon spin polarization. The band structure of the O 2 row in Fig 3(b) 
displays slightly different situation. Flere the gap between the lowest 
Oppni i ) band and Ey is reduced to 25 meV at the Z-point; it is so far the 
smallest band gap we obtained from spin polarized calculations. While this 
band complies with the hole doping picture since its is in the range of thermal 
excitation at room temperature, the metallization of s-SWNT is still too far. 

Electronic energy structure of higher O 2 coverage was further analyzed by 
a system where initially O 2 molecules are physisorbed to all A-sites of the 
(8,0) tube. Upon relaxation of the system, the distance between O 2 molecule 
and SWNT surface has increased continuously. This indicates that under 
increased O 2 -O 2 coupling the chemical bonding is weakened and eventually 
molecules start to escape from the surface of s-SWNT. The vdW interactions 
was needed to keep the molecules attached to s-SWNT. At each step of ionic 
relaxation, the bands derived from the bare s-SWNT and molecular oxygen 



Figure 3. (a) Spin polarized electronic 

energy band structure of the zigzag chain of 
O 2 adsorbed above the adjacent axial C-C 
bonds along the axis of a (8,0) s-SWNT as 
shown by inset. Solid and dashed lines are 
the spin-down and spin-up bands. The zero of 
energy is taken at the Fermi level Ep 
indicated by dash-dotted line. (c) 
Corresponding total density of states of s- 
SWNT+O 2 and partial density of states on 
the oxygen atoms are shown by solid and 
dashed lines, (b) Band structure of the row of 
O 2 physisorbed at T-sites as shown by inset, 
(d) Same as (c). (Reproduced from Ref [14]) 



are clearly identified. This situation suggests a negligible mixing between O 2 
and s-SWNT states. In fact, the bands of bare s-SWNT remain practically 
unchanged, and the states of O 2 are broadened into bands owing to the 
intermolecular coupling. Several bands derived from Opp„i T ) states forma 
sharp peak at ~2 eV below Ey . Empty bands derived from Oppni i ) states 
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occur always above Ey , and appear as another peak. Even in full coverage we 
see that empty O2 states and highest filled s-SWNT states are separated by a 
gap of ~ 100 meV, so that the electron transfer from SWNT to empty O2 states 
and hence the metallization of the tube is prohibited. Under these 
circumstances, the S-SWNT+O2 system can be viewed by two semiconductors 
forming a two-liquid system. The first one is due to O2', the second one is a 
due to s- SWNT. The excitation of the electrons from s-SWNT bands to O2 
states may mediate intermixing of these two liquids. 

5. RESULTS AND DISCUSSION 

In this paper we studied the adsorption of oxygen molecule on 
semiconducting SWNT and resulting effects on the electronic structure, (i) 
The ground state of the adsorbed O2 molecule is the triplet state with a net 
magnetic moment of 2|Jb- The binding energies calculated by including short 
and long range interactions are small and characteristics of physisorption. (ii) 
Stable chain formation and also uniform coverage of O2 molecules in the 
triplet ground state on a s-SWNT are also possible. Since physisorbed O2 has 
net magnetic moment in the ground state, new magnetic molecules (or 
nanomagnets) can be constructed as a result of O2 decoration. (Hi) GGA 
electronic structure calculations performed for optimized atomic geometry 
corresponding to the triplet ground state indicate that the unoccupied 
Oppni i ) bands (states) of O2 occur 0 . 2 - 0.4 eV above the top of the valence 
band of the s- SWNT. Only the row of O2 among different patterns studied in 
this paper yields a band gap as small as 25 meV. 
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Abstract: Single-wall carbon nanotubes (SWNTs) produced by high 
pressure CO decomposition (HiPco) process has been fluorinated using a 
volatile mixture of BrFs and Br 2 . The composition of the fluorinated 
material was estimated by X-ray photoelectron spectroscopy to be C4F. 
Raman spectroscopy showed the narrower tubes are more readily 
fluorinated. Comparison between CKa-spectrum of the fluorinated 
SWNTs and theoretical spectra obtained for the (8,8) tube models with 
different fluorine pattern revealed the fluorine atoms preferably form the 
chains around a tube circumference. 

Keywords: Single-wall carbon nanotubes; fluorination; X-ray 
spectroscopy; semi-empirical calculations. 



1. INTRODUCTION 

Among the possible methods of sidewall functionalization of carbon 
nanotubes, fluorination attracts a special attention due to a possibility to 
covalently attach a large amount of fluorine [1]. The fluorinated single- 
wall carbon nanotubes (SWNTs) are solvated in alcohols [2] that 
dramatically enhances their reactivity and manipulation [3]. The first 
extensive fluorination of laser-ablated graphite-grown SWNTs has been 
carried out using elemental fluorine at the elevated temperatures [4]. It 
was found that if the reaction is performed at 325°C, the fluorination is 
nondestructive for tubular structure yielding overall stoichiometry of 
about C 2 F. Determination of the distribution of functional groups over 
tube surface represents a serious problem. Scanning tunneling microscopy 
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(STM) image of the fluorinated SWNTs revealed the fluorinated regions 
form bright bands around the tube circumference [5]. 

Quantum-chemical calculations of thermodynamic stability of 
fluorinated carbon nanotubes show the fluorine atoms tend to bind close 
to each other on the tube surface [6]. With a C 2 F stoichiometry the 
armchair (n,n) and zigzag (n,0) tubes were found to have the lowest 
energy when the conjugated 7t-bonds are parallel to the tube axis or 
helically wrapped around the tube [7]. The fluorination of narrower 
SWNTs was predicted to be more exothermic that is connected with an 
energetic gain due to the reduced pyramidalization of the 7t-system [8]. 
Band electronic structure calculations on the fluorinated carbon nanotubes 
showed the electronic properties of tubes can range from insulating over 
semiconducting to a metallic-like behavior depending on the fluorine 
decoration [7, 9]. The metallic conductivity of the fluorinated SWNT is 
realized with 7t-bond chains parallel to the tube axis although these 
predictions are still not supported experimentally. Electric transport 
measurements on the bulk materials containing SWNTs detected the 
fluorination increases the sample resistance by 4-7 orders of magnitude 
[4, 10], 

Recently developed large scale production method (HiPco) yields 
SWNTs [11] with average tube diameter of 11 A being smaller than 
diameter of SWNTs produced by other processes [12]. In the present work 
the HiPco material was fluorinated by exposing to the BrFs vapor at room 
temperature. Previously, this procedure was applied for the fluorination of 
arc-produced SWNTs [10] and multiwall carbon nanotubes (MWNTs) 
[13, 14]. The influence of fluorination on the electronic structure of HiPco 
nanotubes is examined by means of X-ray spectroscopy and quantum 
chemical calculations. 

2. EXPERIMENTAL DETAILS 

HiPco SWNTs were produced at CNI, Houston, USA. Fluorination 
was carried out at room temperature. The samples placed in a teflon flask 
was held in the vapor over a solution of BrF 3 in Br 2 for one day. 
Thereafter the flask content was dried by a flow of N 2 until the 
termination of Br 2 evolution (~48 hours). The samples were characterized 
by applying transmission electron microscopy (JEM-2010 microscope), 
Raman spectroscopy (Ar^ laser with A, = 0.5145 Rm), and X-ray 
photoelectron spectroscopy (V G ESCALAB HP spectrometer with A1 Ka 
radiation). 

X-ray fluorescent spectra of HiPco material before and after 
fluorination were recorded with a "Stearat" spectrometer using ammonium 
biphthalate (NH4AP) single crystal as an analyzing crystal. This crystal 
has nonlinear reflection efficiency, which is corrected by the procedure 
described elsewhere [15]. The sample was deposited on the copper 
support and cooled down to liquid nitrogen temperature in the vacuum 
chamber of the X-ray tube. The X-ray tube with copper anode operated at 
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0.5 A, 6 kV. The accuracy of determination of X-ray band energy was 
±0. 15 eV with the spectral resolution of 0.5 eV. 

3. CALCULATION 

Three models of (8,8) tube with different fluorine pattern were 
calculated using the semi-empirical MNDO method within the GAMESS 
package [16]. The (8,8) tube has a 10.9 A diameter coincident with the 
average diameter of HiPco tubes. The fluorinated carbon rows and 
polyacetylene-like chains are alternated around tube circumference in the 
model I and along tube axis in the model II. The model III is derived 
from model II by placing every other fluorine atom inside the tube. The 
endohedral covalent binding of fluorine was shown to be 
thermodynamically possible for armchair tubes [8]. Fluorine atoms were 
used to saturate dangling bonds at the cluster boundary. The composition 
of models is Ci gF that is close to a limiting stoichiometry of C 2 F achieved 
for SWNTs. The geometry of fluorinated tube models was fully optimized 
by standard BFGS procedure to the gradient value of 10 '' Ha/Bohr. 

The theoretical CKa-spectra were plotted for the central atoms to 
eliminate the boundary states effect. X-ray transition intensity was 
calculated by summing the squared coefficients with which carbon 2p- 
atomic orbitals (AOs) involved in the concrete occupied molecular orbital 
(MO). The energy location of intensity corresponded to the MO 
eigenvalue. Calculated intensities were normalized by maximal value and 
broadened by Lorenzian functions with half width at half maximum of 0.7 
eV. 

4. RESULTS AND DISCUSSION 
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Figure 1. TEM image of the fluorinated HiPco 
material. 



A transmission electron 
microscopy (TEM) image of 
the fluorinated HiPco material 
is presented in Fig. 1. As can 
be seen from the image, the 
applied fluorination procedure 
is not destmctive to nanotubes. 
The ropes of SWNTs are 
sometimes covered by 
amorphous carbon. In addition, 
the fluorinated material 
contains encapsulated iron 
particles. 

The Raman spectroscopy 
was used to probe a stmctural 
change of the starting material 
with fluorination. Fig. 2(a) 
shows well-defined radial 



breathing modes (RBM) in the region of 170-280 cm ', a narrow 
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tangential G band at 1591 cm ’ and a disorder mode D with low intensity 
around 1336 cm ’. The pattern is typical for the HiPco SWNTs [17]. 
Raman spectroscopy on the fluorinated product yields a spectrum being 
very different from the starting material (Fig. 2(b)). First, the relative 
intensity of the D mode is greatly increased after fluorination. Second, the 
RBM region is drastically changed showing two broad bands around 
205 cm ’ and 273 cm ’; the reason for the changes in the overall symmetry 
and bonding structure of the SWNTs with fluorination [18]. The low 
intensity of the band located at 273 cm ’ probably reflects the preferable 
fluorination of the smallest diameter SWNTs. Moreover, fluorination 
shifts the spectra in both regions towards the higher frequencies. This may 
be related to an increase in the inter-tube spacing due to the fluorine on 
the tube sidewalls. The all mentioned changes in the Raman spectra have 
been observed with nanotubes fluorinated by other methods [ 2 , 18, 19]. 

The C 1 s X-ray photoelectron spectrum (XPS) of the fluorinated HiPco 
material is shown in Fig. 3. The fluorinated material has a low 
conductivity and one need to take into account sample charging during the 




Figure 2. Raman spectra of raw HiPco material (a) and that after fluorination (b). The 
right-side spectra were normalized using the main tangential mode at 1591 cm'V 



measurement, the binding energies were calibrated with respect to the FIs 
line. The spectrum was fitted to three Gaussian-shaped curves that gave a 
C 4 F composition of the product. The reduced fluorinated content could be 
due to amorphous carbon in the starting material, which remains 
unchanged with the applied synthetic conditions [10]. The binding energy 
centered at 289.5 eV corresponds to the carbon atoms bonded to the 
fluorine ones and the signal obtained at 286.1 eV is assigned to the bare 
carbon. The low-intensity shoulder around 291.8 eV is attributed to the 
CF 2 groups. 
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Figure 3. C Is spectrum of the 
fluorinated HiPco material. 




Figure 4. CKa-spectra measured for 
the raw HiPco material (a) and 
fluorinated HiPco material (b). The 
spectral profile (c) was obtained by 
subtraction of half intensity (a) from 
the snectnim tbf 



Valence electronic structure of HiPco nanotubes before and after 
fluorination was compared using X-ray fluorescence spectroscopy. CKa- 
spectrum of the raw HiPco material shows two features: the main 
maximum B around 276.5 eV and less intense maximum A at 281 eV 
(Fig. 4(a)). Fluorination slightly decreases intensity of maximum A and 
shifts position of maximum B by about 1 eV towards the lower energy 
region (Fig. 4(b)). With C 4 F composition of the fluorinated HiPco 
material we suggested the product contains equal portions of non- 
fluorinated carbon and C 2 F components. To recognize the electronic states 
of carbon constituted the walls of the fluorinated HiPco nanotubes, half 
intensity of the starting material CKa-spectrum was subtracted from the 
intensity of CKa-spectrum measured for the product. The resultant 
spectral profile is presented in Fig. 4(c). This spectrum is different from 
the CKa-spectrum of fluorinated sample by noticeable reduction of the 
maximum A intensity. 

The more preferable arrangement of the fluorinated HiPco tubes was 
determined from the comparison of the resultant spectral profile with 
theoretical CKa-spectra plotted for the models I-III (Fig. 5). The thin 
dashed and dotted lines in Fig. 5 (a-c) correspond to the density of 2p- 
occupied states for carbon atoms constituted respectively the 
polyacetylene-like and fluorinated carbon chains. One can see the change 
in the fluorine pattern has noticeable effect on both calculated 
components. The density for the first component was held at the 
calculated energies while the density for carbon atoms bonded to fluorine 
was moved 3.4 eV towards the high energies correspondingly with the 
XPS data. A sum of these two components represents the theoretical 
CKa-spectrum of a model (the thin solid line in Fig. 5). The theoretical 
spectra were aligned to the experimental spectral profile by the position of 
main maximum B. The spectrum calculated for the model I showed the 
best agreement with the experiment (Fig. 5(a)). Alternation of the 
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Figure 5. Comparison of the resultant spectral profile for fluorinated HiPco nanotubes 
(thick solid line) with the theoretical CKa-spectra (thin solid line) plotted for model I 
(a), model II (b), and model III (c). The dashed lines correspond to the density of states 
of the fluorinated carbon and the dotted lines correspond to the density of states of the 
bare carbon. 



fluorinated carbon rows and acetylene-like chains along tube axis 
results in the overestimation of the intensity of high-energy maximum A 
(Fig. 5(b, c)). This intensity strongly increases when half of the fluorine 
atoms are located inside the tube (model III). The reason is reduction of 
electron repulsion in the model III that is reflected also in the lowest 
calculated total energy. 

In summary, the low temperature fluorination of the HiPco material 
yielded a product of about C4F composition. Comparison of experimental 
CKa-spectrum with theoretical ones plotted by the results of quantum- 
chemical calculations on the (8,8) tube models with different fluorine 
decoration revealed that the fluorine atoms are likely to form chains 
around the tube circumference. 
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Abstract: The minimum energy structures of titanium covered finite-length 
C(8,0) singlewall carbon nanotubes (SWNT) have been investigated. We first 
parameterized an empirical potential energy function (PEF) for the CTi 
system. The PEF used in the calculations includes two- and three-body atomic 
interactions. Then, performing molecular dynamics simulations, we obtained 
the minimum-energy configurations for titanium covered SWNTs. The 
reported configurations include low and high coverage of Ti on SWNTs. We 
saw that one layer of Ti did not distort the nano tube significantly, whereas 
two-layer coverage showed an interesting feature: the second layer of Ti 
pushed the first layer inside the wall, but the general shape of the nanotube 
was not affected so much. 

Key words: nanotubes; molecular-dynamics; emprical potentials. 



1. INTRODUCTION 

Carbon nanotubes are ideal for investigating molecular scale wires. 
Especially stable metal wires with diameters of the order of nanometers are 
indispensable in the development of nanoelectronics and nanodevice 
technologies [1]. In order to explore the intrinsic electrical properties of 
nanotubes and to obtain functional electronic devices with desired 
characteristics, low resistance metal-tube ohmic contacts are vital [2]. Several 
studies [3,4] revealed that low resistance metal-tube ohmic contacts could be 
achieved with Ti, Nb, and Ni metals. It was reported that the resistance of a Ti 
contacted metallic single-wall carbon nanotube (SWNT) was the lowest (as 
low as 12 kfl) measured with individual SWNTs among all reported results 
[2,4]. A continuous Ti coverage of varying thicknesses, and quasi continuous 
coverage of Ni and Pd were obtained using electron-beam evaporation 
techniques [2,5]. It was pointed out by several researchers that the coverage of 
any metal on a SWNT could be mediated by first depositing titanium as a 
buffer layer [2,5,6]. It follows that a deep understanding of metal-tube 



S. Gucerietal. (eds.), Nanoengineered Nanofibrous Materials, 153 - 157 . 
© 2004 Kluwer Academic Publishers. Printed in the Netherlands. 




154 



interactions and the metal coverage mechanism is indispensably necessary. In 
a recent ab initio calculation [6] aluminum-covered C(8,0) SWNTs were 
studied. Inspired from that work we have investigated titanium adatom and 
titanium coverage on the same C(8,0) nanotube. 



2. METHODS OF CALCULATIONS 

In order to obtain the minimum-energy structures of Ti adsorbed (Ti- 
SWNT) systems, we conducted molecular dynamics (MD) simulations based 
on an empirical PEF parameterized for CTi binary system. It is parameterized 
to give experimental data for the system under study. The PEF used in this 
study contains only two- and three-body interactions: 

i<j i<j<k 



where is the position vector for the atom i and N is the total number of 

atoms in the system. The Lennard-Jones potential has been taken for the two- 
body part, and the Axilrod-Teller triple-dipole potential for the three-body 
part: 
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where = | T- ~ U | interatomic distance between the atoms i and j ; 
Tq is the equilibrium distance of the pair potential, where the pair energy 
assumes its minimum value, £q ; 9 ^ , 9j , and are the angles of the triangle 
formed by the three atoms i , j , k ; and Z is the three-body parameter. 

In this work the equations of motion for the CTi system have been solved 
by employing a MD technique based on the Nordsieck-Gear algorithm [7], 
through the seventh-order predictor-corrector method. The simulations were 
performed in such a way that each system under study was considered as an 
isolated system. By taking the MD temperature as 1 K and 300 K, we 
considered both a low-temperature and a room-temperature study. For the 

calculation of each system 50000 time steps (each time-step was 2.6x10 
s) were enough to reach thermal equilibrium. This criterion was checked by 
looking at the variation of the total potential energy of the system with respect 
to the number of time steps. The structures of the systems discussed in this 
work are snapshots of the final MD step. 

In order to determine some of the PEF parameters for which there were no 
experimental data, we have first investigated the microclusters of type C^Ti; 
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(k + l = 2,'i) theoretically by performing density functional theory (DFT) 
calculations. The exchange and correlation potentials contributions have been 
considered at B3LYP level [8]. The compact effective potential (CEP) basis 
functions with ECP triple-split basis, namely, CEP-121G, have been used in 
the calculations. DFT calculations were performed by using the GAUSSIAN 
98 package [9]. 

3. RESULTS AND DISCUSSIONS 

Making use of the available experimental data and the quantum 
mechanical DFT calculation results for dimer and trimers of C and Ti, we 
have determined the parameters, (ro,fg,Z)of the PEF, given in above 

equations, for the CTi binary system. The binding energy (i.e. pair energy) 
and the interatomic equilibrium distance for two-atom systems, as well as the 
binding energy (i.e. formation energy) and the geometry for three-atom 
systems, have been taken into account during the parameterization process. 
The main objective was to re-obtain the geometry and the total interaction 
energies of the dimers and trimers of the elements under consideration as 
close as those resulting from experiments and, at the same time, those 
resulting from previous and current ab initio results. The thus-obtained 
parameter set for the CTi binary system is: 

fo (C-C) = 6.21 eV , To (C-C) = 1 .48 A , Z(C-C-C) = 292. 1 eV A** ; 
fo (Ti-Ti) = 2.0 eV , ro(Ti-Ti) = 2.3 A , Z(Ti-Ti-Ti) = 1764.0 eV A*" ; 
fo (C-Ti) = 5.17 eV , ro(C-Ti) = 1.638 A , Z(C-C-Ti) = 60.0 eV A^ 
Z(C-Ti-Ti) = 160.0 eVAA 

We now have come to the process of the Ti coverage on a SWNT. We 
considered a C(8,0) SWNT containing 176 C atoms. After several trials of 
different initial configurations we found that the optimum configuration for a 
single Ti atom on the SWNT was the hollow site (H-site: above the center of 
hexagons). We next prepared a ”Ti-ring”, containing 8 Ti atoms, uniformly 
distributed 5 A above the H sites around the circumference near the middle of 
the tube. We saw after the optimization of this system that the Ti-ring placed 
itself exactly at the H sites with neither clustering nor a significant distortion 
in the SWNT both at 1 K and 300 K [Figures 1(a) and 1(b)]. Now the trend is 
obvious; we tried to fully cover the SWNT by forming ”one-layer” of Ti 
containing 10 Ti rings (containing totally 80 atoms) by placing each Ti atom 5 
A above the SWNT again. Optimization at 1 K and 300 K led to the Figure 
1(c) and 1(d), respectively. We obtained perfectly Ti-covered nanotubes and 
at both temperatures with again no any significant distortion in the SWNT and 
no clusterization of Ti atoms. This is one of the most important results of this 
study. It is highly tempting to say that the thus-obtained SWNT with ’’one- 
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layer” Ti can be used as a template (or substrate) for a second type of metal 
atom, e.g. Au, to obtain a stable metal nanowire. Finally, we tried to cover the 
SWNT with a ”two-layer” Ti (containing 160 Ti atoms). To do so, we 
followed two different ways. First we placed a second layer of Ti (80 Ti 
atoms) 4 A above the previously relaxed (i.e., optimized) first layer in such a 
way that each Ti atom of second layer was exactly between two neighbor Ti 
atoms of the first layer. It is found that after the MD relaxation the second 
layer Ti atoms pushed the first layer Ti atoms through the nanotube wall 
toward the inside so that the SWNT has become covered by Ti atoms both 
from inside and outside. This is another important outcome of this study. In 
Figures 2(a) and 2(b) we give thus-optimized structures of SWNTs at 1 K and 
300 K, respectively. It is seen that the structure of SWNT is no longer intact; 
it undergone a nonnegligible, although not drastic, distortion in both cases. 
We again saw no any clusterization of Ti atoms. In the second way of 
covering the nanotube by two Ti layers, we placed both first and second 
layers above the nanotube at the same time. First layer placed 5 A above the 
nanotube and the second one 3 A above the first one in such a way that each 
Ti atom of second layer was again between two neighbor Ti atoms of the first 
layer. Relaxed structures are shown in Figures 2(c) and 2(d). The result was 
the similar the previous one: The SWNTs have been covered both from inside 
and outside. The distortions in the SWNTs at these times are now more severe 
but the general tube shape is still remained. Furthermore, the temperature 
made this time a significant difference in the final shape of the system. In 
passing, although we have chosen a tube of finite length (with ten hexagons 
along the tube axes), the results obtained are valid for the tubes of any size. 
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Figure 2. Optimized structure of SWNT (a) at 1 K with two layers of Ti atoms (the second 
layer is placed on the previously optimized one-layer Ti-SWNT system); (b) 300 K with two 
layers of Ti atoms (the second layer is placed on the previously optimized one-layer Ti-SWNT 
system); (c) at 1 K with two layers of Ti atoms (both first and second layers are placed on the 
SWNT at the same time); at 300 K with two layers of Ti atoms (both first and second layers are 
placed on the SWNT at the same time). 
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Abstract: Supercritical water has attracted a growing interest due to its 

applications in disposing toxic waste and its uses as a medium for chemical 
synthesis [1]. Properties of supercritical water are, however, rather peculiar 
compared to normal water. Its dielectric constant is rather small and its ionic 
product is three orders of magnitude higher than ambient water. Thus it is a 
very corrosive medium that attacks a range of materials and chemical 
substances. In this paper, we report series of small angle neutron scattering 
measurements on supercritical water, in confined porous Vycor glass, which 
showed that exposure of the latter to water at elevated temperatures and 
pressures results in loss of its original pore structure, producing nano-scale 
Si 02 particles. 



1. INTRODUCTION 

The use of supercritical water (SCW) in oxidation processes is an 
emerging technology that is being developed for the treatment of toxic 
organic wastes, such as pesticides, herbicides, PCBs, PAHs, obsolete 
munitions, chemical warfare agents and for the synthesis of new materials 
under hydrothermal conditions [1]. The process is carried out at temperatures 
and pressures above the critical point of water (374°C and 221bar) at which 
organic chemicals become completely miscible. When oxygen is introduced 
oxidisable materials are converted readily to carbon dioxide, water, and other 
innocuous compounds. The effluent from such waste processing can be 
evaluated with respect to compliance with applicable discharge regulations, 
thus ensuring protection of the environment. 

The behaviour of SCW is still imperfectly understood. One suggestion is 
that its reactivity may be due to changes of the intermolecular structure at 
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elevated temperatures, and especially to changes in the hydrogen bond 
network. An alternative suggestion is that at high temperature, a large mount 
of OH and H species (split from the natural water molecules) give rise to the 
high-lever oxidation activity [ 2 ]. 

In the recent years, there considerable amount of work has been done for 
the structure [3-5] and dynamics [6-12] of SOW and the SOW in confine 
volume [13], aiming to have better understanding the H-bonding at below and 
above the supercritical state. Because of the large incoherent cross-section of 
hydrogen, neutron scattering is the most appropriate technique for studies of 
the dynamics of hydrogen containing materials, such as water and the water of 
biological systems. 

Our recent neutron scattering work shows that the properties of SCW 
change drastically when it is in confined space [13]. In order to better 
understand the behaviour of the SCW in confined space, we have used Vycor 
glass (produced by spinodal decomposition process which provides a well- 
inter-connected spaghetti-like porous structure) as the confmable media [14]. 
In this paper, we report series of small angle neutron scattering measurements, 
aim to exam the changes of the porous structure of Vycor glass in water under 
high pressures and temperatures. 

2. EXPERIMENTAL DETAILS 

Two small angle neutron scattering (SANS) instruments, LOQ on ISIS at 
Rutherford Appleton Laboratory (UK) and SAND on IPNS at Argonne 
National Laboratory (USA), were used in this study. Because of the use of 
time of flight technique on pulsed neutron sources, both instruments have 
very similar design with two dimensional detector arrays, which can utilise 
wavelengths from 2 to 10 A which provide a wide Q coverage from 0.005 to 
0.2 A'^ This corresponds a coverage of real-space measurement of 10- 
1000 A. Therefore, any structural variation below 1000 A can be detected by 
this type of facility. The high pressure (up to 2000 bar) and temperature (up to 
450°C) cell is designed specifically for this work (see Figure 1), it is made of 
ZrTi alloy which has zero combined coherent neutron scattering cross-section, 
hence the background in the measured spectra is from the incoherent 
scattering only which gives a smooth background in measured scattering 
intensity, S(Q). The sample volume in the cell is 7 mm in diameter and 
30 mm in height. The heaters and temperature sensors were all inserted in the 
cell and a 1 mm steel pipe leads to an external water-pressuriser (see Figure 1) 
which provided the required pressure while the experiment was running. 

The sample used in this experiment was porous Vycor glass (corning 
7930). It was produced by allowing a borosilicate glass to undergo spinodal 
decomposition and by then etching out the B 2 O 3 component. This process 
yields a porosity of 28% and an average pore diameter of 30 A [14]. The 
samples were cut into 6 mm in diameter and 25 mm in height rods, pre- 
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inserted in the cell, which then was connected to the water pump. The water 
was used as pressure transfer media and we used double distilled H 2 O. 



Bourdon gauge 




Figure 1. Schematic illustration of the supercritical water pressure system and the 
experimental set-up. 



3. RESULTS AND DISCUSSION 

Figure 2 shows the first experiments carried out on LOQ at ISIS. The 
upper curve (data series 1) in the figure was for a dry Vycor glass at room 
temperature and ambient pressure, a structural spectrum which is similar to 
what we have studied in the past [15,16]. The lower curve (data series 2) is for 
the same sample, which has reacted with SCW for a few hours using the SCW 
high pressure cell shown in Figure 1. The curve shows a straight line in the 
log-log plot across almost the entire Q range measured from 0.005 to 0.2 A'' 
(i.e. one and half orders of Q), it shows a behaviour very much similar to the 
aggregated particles with a gradient of -3.5 in the log-log plot (i.e. the 
scattering intensity S(Q) ~ It indicates that the structure of the Vycor 
glass was completely destroyed by the SCW, resulting a near close-packed 
particles. 

Further investigation of the dynamic process of the reaction between SCW 
and Vycor, in-situ measurement was then set up on SAND at IPNS using the 
same pressure system illustrated in Figure 1. The experiment was first set at 
350°C and 1000 bar after an initial measurement for the Vycor glass at room 
temperature, the measurements were taken for every 15 mins per step at the 
fixed temperature and pressure. However the experiment shows that the 
reaction was very rapid and the 1 5 mins per data set was not possible to catch 




162 



up the process (less than 1 5 mins per data set would have led to poor statistics 
and hence not very useful data). 




Figure 2. Plot of two series of SANS measurements on LOQ at ISIS for porous Vycor glass: 
Series I: Vycor glass before reacts with supercritical water; Series 2: After reaction a few 
hours with supercritical water using the system shown in Figure I. 



At the same temperature, 350°C, we reduced the pressure to 500 bar in order 
to reduce the reaction speed. As result, we were able to follow the process in a 
much slow speed over 10 hours. Figure 3 shows the second series 
measurements as function of time. Again we collected the data every 15 mins 
(i.e. in Figure 3, the data set 1 is at 15 mins, the data set 2 is at 30 mins, the 
data set 3 is at 45 mins, etc). As one can see, during the ten hours, we were 
able to see the small changes of the porous structures step by step, which were 
never seen before. 

The main changes of the scattering intensity in Figure 3 can be seen in two 
areas in the spectra: at the spinodal peak position Q = 0.025 A’', the scattering 
intensity decreases with time while at the position Q = 0.01 A"' the intensity 
increases. After a few hours the main peak at 0.025 A'\ a typical feature for 
the Vycor glass, completely disappeared, being replaced by a straight line in 
the log-log plot with gradient of -3.0 for the entire measured Q range from Q 
= 0.003 to 0.05 A’'. This feature has often been seen in the fractal-like 
aggregated particles (silica aerogel for instance [16]). The gradient is the 
fractal dimension, a measurement of packing density, i.e. lower the 
dimension, and lower the packing density of the aggregates. The Q range for 
this experiment is limited due to the limitation of the instrument. Further 
investigation to extend lower Q region is much desirable in order to define the 
size distribution of the particles. 
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Figure 3. Plot of series of SANS spectra measured at temperature T = 35(fC and pressure P = 
500 bar on SAND at IPNS for period of 10 hours using the high pressure cell shown in Figure 
I. The data set 1 is at 15 mins, the data set 2 is at 30 mins, the data set 3 is at 45 mins, etc. The 
main changes are in two areas: at the spinodal peak position, Q = 0.025 A the intensity 
decreases with time while the intensity at Q = 0.01 A'^ increases. After a few hours the main 
peak at 0.025 A '' completely disappeared. 



4 . SUMMARY 

The SANS measurements revealed that water has slowly “melt” the Vycor 
glass near to the SC point (T = 350°C and P = 500 bar) and alters the porous 
structure of Vycor glass drastically. The SANS measurements give us better 
understanding of the reaction processes between SCW and the Vycor glass as 
function of time and pressure. The process has provided a valuable 
technology for manipulating nanostructures of a range of Si 02 based 
materials. Controlling the reaction process can lead to manufacture glasses 
with defined pores sizes and volumes. It can also have further implications 
towards the synthesis of new nano-materials from solutions of silicates in 
supercritical water and use the supercritical water as a coating technique. 
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Abstract: Unusual mechanical and electronic properties of carbon nanotubes 
promise a new generation of materials with potential applications in 
nanotechnology. The physical and chemical properties can also be efficiently 
engineered by the adsorption of atoms or molecules so that carbon nanotubes 
can be functionalized. Using state-of-the-art first principles total energy 
calculations, we show the single-wall carbon nano tubes (SWNTs) can be 
functionalized and the mechanical deformation can control the electronic and 
chemical properties of SWNTs. We studied the adsorption of single atom on a 
semiconducting and metallic single-wall carbon nanotubes for a large number 
of foreign atoms. The stable adsorption sites, binding energy and the resulting 
electronic properties are analyzed. The character of the bonding and 
associated physical properties exhibit dramatic variations depending on the 
type of the adsorbed atom. While the atoms of good conducting metals, such 
as Cu and Au, form very weak bonding, atoms such as Ti, Sc, Nb and Ta are 
adsorbed with relatively high binding energy. Most of the adsorbed transition 
metal atoms excluding Ni, Pd and Pt have a magnetic ground state with a 
significant magnetic moment. In summary, our results suggest that carbon 
nanotubes can be functionalized in different ways by their coverage with 
different atoms, showing interesting applications such as one-dimensional 
nanomagnets or nanoconductors and conducting connects etc. 

Keywords: Carbon nanotubes, adsorbate structure, magnetic materials, 
Ab-initio calculations of adsorbates 



1. INTRODUCTION 

Single-wall carbon nanotubes [1-3] (SWNT) can be functionalized by 
adsorption of atoms or molecules, which can induce dramatic changes in the 
physical and chemical properties of the bare tube. Functionalization of 
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SWNTs has been attracting our interest for two possible, insofar 
technologically important applications; namely fabrication of metallic 
nanowires and nanomagnets. Single wall carbon nanotubes can serve as 
templates to produce reproducible, very thin metallic wires with controllable 
sizes. [4,5] These metallic nanowires can be used as conducting connects and 
hence are important in nanodevices based on molecular electronics. Recently, 
Zhang et al. [6,7] have shown that continuous Ti coating of varying thickness, 
and quasi continuous coating of Ni and Pd can be obtained by using electron 
beam evaporation techniques. Metal atoms such as Au, Al, Fe, Pb were able 
to form only isolated discrete particles or clusters instead of a continuous 
coating of SWNT. Low resistance contacts to metallic and semiconducting 
SWNTs were achieved by Ti and Ni ohmic contacts. [8] Most recently, ab- 
initio density functional calculations [9] have indicated that stable rings and 
tubes of Al atoms can form around a semiconducting SWNT. It is argued that 
either persistent currents through these conducting nanorings, or conversely 
very high magnetic fields can be induced at their center[9]. It is expected that 
novel molecular nanomagnets and electromagnetic devices can be generated 
from these metallic nanostructures formed by adatom adsorption on SWNTs. 
As an example, one can contemplate to generate a nanodevice by the 
modulating adsorption of adatoms on a bare (8,0) SWNT, which is a 
semiconductor [10] with an energy gap of -0.64 eV. This band gap can 
increase to 2 eV by the adsorption of hydrogen atom [11]. Then, a quantum 
well (or dot) can form between two barriers at the hydrogen covered sections 
of the (8,0) tube. This structure is connected to the metallic reservoirs through 
metal coated ends of SWNT. This way a resonant tunneling device with metal 
reservoirs and connects at both ends can be fabricated on a single SWNT. 

Clearly, the study of adsorption of atoms on nanotube surfaces is essential 
to achieve low resistance ohmic contacts to nanotubes, to produce nanowires 
with controllable size, and to fabricate functional nanodevices. This paper 
presents an extensive study of the adsorption of individual atoms on the 
surface of a semiconducting (8,0) and also a metallic (6,6) SWNT. The 
binding geometry and binding energy and resulting electronic structure of 
various (ranging from alkali and simple metals to group IV elements, and 
including most of the transition metal as well as hydrogen and oxygen) atoms 
have been investigated. We believe that the results of this work is important 
for further studies related with the functionalization and coating of carbon 
nanotubes. 

2. METHOD OF THE CALCULATIONS 

Binding geometry and binding energy, and resulting electronic structure of 
26 different atoms (Na, Al, Cu, Au, Ni, Fe, Ti, W, Nb, Mo, Pd, Pb, C, Si, Cr, 
Co, Sc, V, Zn, Ag, Pt, Ta, Mn, S, H and O) adsorbed on a (8,0) zigzag SWNT 
and four different atoms (Au, Mn, Mo, Ti) adsorbed on a (6,6) armchair 
SWNT have been calculated by using the pseudopotential plane wave method 
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[12] within the generalized gradient approximation (GGA) [13]. Spin- 
unpolarized and spin-polarized (relaxed) calculations have been carried out 
for single atom, bare SWNT, and single atom absorbed SWNT in a 
periodically repeating tetragonal supercell with lattice constants, 
^sc ^ ‘^sc- To minimize the adsorbate-adsorbate interaction, 

the lattice constant along the axis of the tube, , is taken to be twice the ID 
lattice parameter of the bare tube, = 2c . Ultra soft pseudopotentials [14] 

and plane waves up to an energy cutoff of 300 eV are used. The Brillouin 
zone of the supercell is sampled by (1,1,11) k-points within the Monkhorst- 
Pack special k-point scheme [15]. For the adsorption of individual atoms we 
considered four possible sites {i.e. H-site, above the hexagon; Z-, and A-sites 
above the zigzag and axial C-C bonds; and T-site above the carbon atom) as 
described in Fi: 




Figure 1. A schematic description of different binding sites of individual atoms adsorbed on a 
zigzag (8,0) tube. Black and filled circles denote carbon and adatoms, respectively. H: hollow; 
A: axial; Z; zigzag; T: top; S: substitution sites. 

The binding sites are determined by optimizing all atomic positions 
(adsorbate atom and 64 carbon atoms of SWNT), as well as c using the 
conjugate gradient (CG) method. Binding energies are obtained from the 
expression. 



= E^[SWNT] + E^[A\ - E^[A + SWNT] 

( 1 . 1 ) 
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in terms of the total energies of the fully optimized bare nanotube 
{Ej{SWNT ^ ), free atom A {Ej{A \ ), and the atom A adsorbed on a SWNT 

{Ej,yA + SWNT^). The binding energies Ej^ are obtained from the lowest 

ground state total energies (either magnetic or non-magnetic) of both 
EjYA + SWNT^ and Ej^A^ ; a bare nanotube has a non-magnetic ground 

state with zero net spin. Ef^>Q corresponds to a CG optimized stable 
structure and indicates the bonding (a local or global minimum on the Born- 
Oppenheimer surface). 

3. BINDING GEOMETRY AND BINDING ENERGY 

In Table I and II, we present our results. The atoms that were observed to 
form continuous and quasi continuous coating on the SWNT (Ti, Ni, and Pd) 
have relatively higher binding energies as compared to those atoms (Au, Fe, 
Pb) that form only discrete particles on the surface of the tube [4,5]. We also 
note that in forming a good coverage not only adatom-SWNT interaction, but 
also other factors, possibly adatom-adatom interaction play crucial role. Good 
conductors such as Au, Ag, and Cu have very weak binding. On the other 
hand, Na with 3s electron on the outer shell is bound with a significant 
binding energy {Ef^=\3 eV). The binding energy of Zn with the {4sf outer 

shell is almost zero. While an individual A1 atom is not bound to the graphite 
surface, its binding on the (8,0) SWNT is relatively strong. This can be 
explained by the curvature effect, since the binding was found to be even 
stronger at the high curvature site of SWNT under uniaxial radial 
deformation[16]. 



Atom 


Site 


^C-A 


ETi^V) 


^r(ev) 




Ti 


H 


2.2 


1.8 


2.6 


1.68 


Mn 


H 


2.5 


0.1 


3.1 


5.60 


Mo 


H 


2.3 


0.1 


4.3 


3.61 


Au 


T 


2.3 


0.3 


0.4 


0.79 



Table 1. Calculated binding energies spin-polarized and it™ spin-unpolarized) of 
individual atoms adsorbed on the armchair (6,6) SWNT, the most favorable binding site, the 
average carbon-adatom bond distance ( ), and the net magnetic moment ( ^ ) of the 
adatom+SWNT system. 
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We note that specific adsorbate-SWNT (A+SWNT) systems are found to be 
in a magnetic ground state, hence EjYA + SWNT~\<Ej{A + SWNT~\. No 

matter what the value of the binding energy is, a stable binding of a particular 
A+SWNT geometry is meaningful if it belongs to a ground state. Hence, a 
positive difference between the spin-unpolarized and spin-polarized total 
energies, 

= e;“ [A + SWNT] - Ef [A + SWNT] > 0 

indicates that magnetic ground state with a net spin is favored. We can extract 
following useful information from the results of calculations listed in these 
Tables. In general, the binding energies calculated for non-magnetic state are 
higher than those corresponding to the magnetic ground state. This is partly 
due to the reference of energies in Eq. 1 . 
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c 


z 


1.5 


- 


4.2 


- 


Si 


H 


2.1 


- 


2.5 


- 


Pb 


H 


2.6 


0.8 


1.3 


0 


H 


T 


1.1 


- 


2.5 


- 


0 


Z 


1.5 


- 


5.1 


- 


S 


A 


1.9 


- 


2.8 


- 



Table 2. Calculated binding energies {E’i^ spin-polarized and spin-unpolarized) of 

individual atoms adsorbed on the zigzag (8,0) SWNT, the most favorable binding site, the 
average carbon-adatom bond distance ( ), and the net magnetic moment the 

adatom+SWNT system. 

Most of the transition metal atoms adsorbed on the (8,0) and (6,6) SWNT 
have magnetic ground state with AEj, > 0 , and hence they give rise to the net 

magnetic moment ranging from 5 .49 (for Mn) to zero magnetic moment 
(for Pd and Pt). While Ni adsorbed SWNT has very low magnetic 
moment 0.04 , the adsorbates such as Au, Ag or Cu have magnetic 
moment in the range of 0.4-0.6 jilg . Our spin-polarized and spin-unpolarized 

calculations show that these transition metal atoms in Table 2 have also 
magnetic ground state when they are free. Since a bare SWNT having a non- 
magnetic ground state, the net spin of the A+SWNT system originates from 
the magnetic moment of the adsorbed atom. On the other hand, atoms, such as 
Na, Al, C, Si, Pb, O, S, H, favor non-magnetic ground state when adsorbed on 
the (8,0) SWNT. The magnetic moment generated upon the adsorption of 
individual transition atoms has important implications, and points to an issue, 
whether molecular magnets or nanomagnets) can be produced from carbon 
nanotubes. 











171 




225 



175 



n 

O, 

0 



3 

■3 

O 



125 ^ 



CQ 



75 



Figure 2. Variation of the calculated spin-unpolarized and spin-polarized binding 
energy of transition metal atoms with respect to the number of d-electrons . The bulk 
cohesive energy and the bulk modulus 5 from Ref [17] is included for the comparison of 
the trends. 



Figure 2 presents the variation of the ground state properties [18,19] (such 
as the cohesive energy and bulk modulus 5), binding energies 

and of the first row transition metal elements with respect to the number 
of J-electronsA^^ ■£’^(A^^)and curves show a minimum (atN^ =5 

for theSr/^ds^ configuration of Mn atom) between two maxima of equal 
strength; first maximum occurs at =3 or 4, the second one at = 1 . 

This behavior of bulk properties were explained by the Friedel model [20,21]. 
Although the overall shape of the variation of the binding energies of first row 
transition metal atoms with N ^ ^ , is reminiscent of the B(N^) and 
E^{Nj), there are some differences. The binding energy of Ti {N^ =2) is 
highest, and hence the first maximum is higher than the second one 
E'b ~ ~ corresponding to the binding energies of Co 

and Ni. While the binding energy of Sc( = 1 ) is close to that of Ti at the 
first maximum, the binding energy of Cu( =10) is small, and it 
eventually decreases to almost zero for Zn, which has a filled valence shells 
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{i.e 3J’°4s^). Interestingly, Cr and Mn atoms which have the 
same configuration, have similar binding energies forming the 

minimum between double maximum, but different and B . The variation 

of and with , however, shows dramatic differences. While 
Ef{Nj) mimics £”^(7^^) and has a minimum for =5, as E^ and 5 do, 
passes through a maximum. This situation confirms that magnetic states 
correspond to ground state. 

The transition metal atoms with a few ^-electrons, such as Sc, Co, Ti, Nb, 
Ta form strong bonds with a binding energy ranging from 2.4 eV to 1.8 eV, 
and hence can be suitable for metal coating of SWNT. These metals can also 
be used as a buffer layer to form uniform coating of good conductors such as 
Au, Ag, Cu. Most of the adatoms we studied yield strongest binding at the H- 
site. Ni, Pd, Pt (column VIII elements) and Cu, Ag, Au (column I-B elements) 

seem to prefer A-site. The average adsorbate-C distance, , ranges 
between 1.9 A (minimum) and 3.7 A (maximum); most of them occur at ~2.1 
A. On the other hand, the binding energies , as well as El^ and magnetic 

moments of the adatom adsorbed on the (8,0) SWNT came out to be 
consistently lower for the adatom adsorbed on the (6,6) tube. Perhaps, this 
trend can also be explained by the curvature effect[16,22]. 

4. DISCUSSIONS AND CONCLUSIONS 

Our study shows that interesting physical properties can be generated by the 
adsorption of single atom on a SWNT. Changes in the physical properties 
depend on the valency of the adsorbate. Na having ds-valence state with small 
ionization potential donates this valence electron to the empty conduction 
band of semiconducting SWNT. Therefore, adsorption of Na results in the 
metallization of the (8,0) tube. Similar effects occur upon the adsorption of 
Al. However, adsorption of individual transition metal atoms gives rise to 
dramatically different results. Because of their occupied c/-states, the 
transition metal adsorbed SWNT has a magnetic ground state. In most of the 
cases, adsorbed individual transition atom gives rise to a band gap between 
spin-up and spin-down bands within the supercell geometry. Ti, that leads to a 
metal, appears to be an exception. Another important property that is specific 
for Ti is its continuous coating of SWNT. This should be related to both Ti-Ti 
and Ti-SWNT interaction. Whether the Ti covered SWNT leads to regular 
atomic structure, and the nanowire produced from Ti covered SWNT allows 
ballistic quantum transport are important issues requiring further 
investigations. The adsorption of transition metal atoms on the (6,6) tube 
exhibits similar trends as the (8,0) tube, except that the binding energies in the 
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former are consistently smaller. We attribute this behavior to the relatively 
smaller curvature of the (6,6) tube. 

Higher coverage and decoration of adsorbed foreign atoms can produce 
nanostructures (such as nanomagnets, nanometer size magnetic domains, ID 
conductors and thin metallic connects, and electronic devices) which may find 
interesting technological application, such as spintronics and high density 
data storage, and interconnects between devices. The J-orbitals of the 
transition metal atoms are responsible for relatively higher binding energies, 
which display an interesting variation with the number of filled J-states. 
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Abstract: We describe a new method of controlled manipulation of micro- 

quantities of fluids by using a conduit formed by two parallel fibers. We show 
that a droplet of a wetting fluid, which is deposited on the fiber rails, can be 
either pinned at the point of deposition or driven to spread along the inter- 
fiber channel. The principle of controlled manipulation is that the droplet 
spreads out or comes back spontaneously due to the action of capillary forces, 
which critically depend upon the interfiber spacing. Compared to 
conventional microchannel design, the suggested fiber-based conduits 
significantly reduce the viscous drag. We present a quantitative analysis of the 
phenomenon of droplet spreading and the critical conditions for droplet 
pinning. Depending on the fiber diameter, the fiber-based conduits provide an 
opportunity of fluid manipulation in micro- and nanofluidic devices. 

Keywords: Micro fluidics, nanofluidics, capillarity, fibers, Lucas- 

Washburn law, Bosanquet law. 



1. INTRODUCTION 

In conventional microfluidic devices the fluid is pumped by applying 
pressure drop, temperature drop or voltage In this paper, we present a new 
principle of controlled fluid transport at micro- and nanoscale. As an 
alternative to the existing microfluidic platforms based on photo- 
lithographically fabricated channels, we suggest to exploit the fiber-formed 
conduits. Recent advances in manufacturing of nanofibers make possible 
the fabrication of building blocks for fiber-based micro- and nanofluidics. The 
fiber-based conduits possess unique features that significantly ease the 
manipulation of fluids in a controllable manner. In particular, capillarity 
succeeds in governing the droplet self-propulsion without the need for an 
additional external means. The viscous drag, which is the major obstacle in 
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conventional microfluidics, can be significantly reduced due to a relatively 
small area of the fluid-solid contact surface. 

This paper is aimed at the explanation of the physical principle of 
manipulation of fluids by fiber rails, a conduit composed of two parallel 
fibers. For these purposes, the details of the fluidic device are not important. 
For the sake of simplicity, we take aside the design of fluidic devices 
exploiting this principle and focus on the specifics of droplet spreading over 
two parallel fibers to demonstrate the advantages of this new technique. 

2. SPREADING/PINNING OF DROPLETS ON FIBER 
RAILS 

Droplets on fibers take on the equilibrium configurations, which cannot be 
realized on planar substrates. Remarkably, if a droplet of a wetting fluid could 
spread completely over a planar substrate, it would never spread on a fiber to 
form a sheath-like film. Typically, a spherical droplet deposited on a fiber will 




Figure 1. The left is the barrel (hexadecane) and the right is the clam-shell (water) 
configurations of droplets on a single wire. 

equilibrate to a barrel (Fig.l) If the droplet size is smaller than the fiber 
diameter or the fluid is partially wetting, the droplet takes on a clam-shell 
configuration shown in Fig. 1. Droplets deposited on fiber rails attain similar 
configurations. However, these configurations can become unstable if the 
fibers are sufficiently close one to the other. For the given liquid-fiber system, 
there is a critical inter- fiber spacing, d^, which controls the droplet stability ' '' 
If the inter-fiber spacing is narrower than Jc, the capillary forces facilitate 
wicking into the channel between the fibers. If the inter-fiber spacing is 
greater than d^, the spreading is hindered. That is the droplet takes on a barrel- 
like configuration and does not come into the inter-fiber channel. Thus, the 
spreading/pinning transition is characterized by the critical inter-fiber spacing. 
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6.5 mm 





Figure 2. Droplet spreading over the fiber rails. Left: absorption of a hexadecane droplet into 
the inter-fiber channel formed by stainless steel fibers. The propagating meniscus is clearly 
seen. The spacing is = 0.0955mm. Right: the cross-sectional shape of liquid columns 
confined between the fibers: &) d<d^ wicking occurs at the negative curvature of the liquid-gas 
interface; b) d= d^; the critical spreading condition corresponds to zero curvature of the liquid- 
gas interface; c) d^, droplet forms a stable barrel-like configuration without wicking into the 
inter-fiber channel. For hexadecane on the rails made of stainless steel fiber, the critical fiber 
diameter-to-spacing ratio is d/D = 0.83, i.e., for fibers of diameter 0.1524 mm, the critical 
spacing is d^ = 0.1275mm 



which determines the equilibrium droplet state. As shown in Fig.2, the shape 
and the cross-sectional area of the liquid column in the fiber channel 
depend on the inter-fiber spacing. This distance determines both the capillary 
pressure and the hydraulic resistance. 

Thus, changing the inter-fiber spacing, we can manipulate with the 
droplet. Fluid can be forced to come into the fiber channel or it can be 
collected into a droplet. The principal point is that the droplet spreads or 
shrinks back spontaneously. Moreover, compared to the conventional 
microfluidic channels, the fiber channels reduce the viscous drag 
significantly. Indeed, at the surfaces of menisci the fluid slips freely, thus 
accelerating the fluid flow. The quantitative analysis of rate of droplet 
spreading and critical condition characterizing the criterion of droplet 
spreading/pinning are done below. 



3. EXPERIMENTAL 



3.1. Imaging System 

The imaging system consists of a high-speed digital CCD camera (Dalsa 
CA-D1-0256A) with a video zoom lens (Navitar Zoom 6000), a power 
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supply, an image acquisition board, a light source and a fiber mounting 
assembly. The camera connected to PC has a resolution of 256x256 pixels and 
allows one to record up to 200 frames per second. Most of the images were 
taken normally to plane of fiber rails (top view) with a frame rate of 45 frames 
per second. The software developed at TRI provides the direct quantification 
of the position of the propagating menisci. The fiber mounting assembly was 
designed to enable a precise control of the inter-fiber spacing by the attached 
micrometer gauge. The fiber separation and alignment are independently 
controlled by the image analysis system. 

Image Acquisition 
Board & Computer 



Digital 

Camera 



Fiber Mounting 
Assembly 




a) b) 

Figure 3. a ) Experimental setup; b) Schematic diagram of the fiber mounting assembly. 



3.2. Experimental Protocol 

The experimental procedure was as follows. The stainless steel wires of D 
= 0.1524 mm diameter were taken to form the rails. Spreading experiments 
were performed with hexadecane (Aldrich). The fibers were cleaned with 
acetone and mounted providing a desired inter-fiber separation. In order to 
prevent the droplet from spreading immediately upon deposition, the fiber 
mounting assembly was equipped with a fiber separator (see Figure 3). The 
separator temporarily keeps the fibers apart beyond the critical spreading 
separation. The fiber separator is activated manually. In the normal position, 
the fiber separation is determined by a micrometer gauge. A droplet of 
approximately constant volume (1.4 1) is placed on the fibers kept apart by 

the fiber separator. At this stage, a stable barrel-shaped droplet is formed and 
the necessary adjustments of the camera position and setting are done. The 
recording process is started simultaneously with the release of the handle thus 
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bringing the fibers instantly to the desired distance. At this moment, the 
droplet begins to spread. At least 10 runs were conducted for each 
experimental condition and the average values were reported. All experiments 
were conducted at the room temperature. 

4. RESULTS AND DISCUSSION 

4.1. Spreading/Pinning Criterion 

In Fig. 4 we show the complete wicking time as a function of the fiber 
separation for hexadecane droplets. The complete wicking time is the time 
interval counted from the start of droplet spreading (i.e. the moment of release 
of the handle) to the droplet disappearance. For closely spaced fibers the 
spontaneous wicking was found to be very slow. In particular, at the inter- 
fiber spacing of 0.0145 mm, the wicking time was about 4 minutes. However, 
the wicking time gradually decreased with the increase of the inter-fiber 
spacing. At the inter- fiber spacing of 0.105 mm, the wicking time was about 
20 s. The fastest wicking occurred within ~10 s at the spacing of 0.121 mm. 
Beyond this distance, the wicking time increased with the increase of the 
inter-fiber spacing. At the inter-fiber spacing of 0.1238 mm (that is about d = 
0.83 D), the liquid wicked out very slowly, but still completely depleting the 
droplet reservoir. Intermediate situation with a slight movement of liquid 
column (partial wicking) was observed instantly before reaching the critical 
da- The critical inter-fiber spacing, at which hexadecane droplet remained 
stable without wicking, was found to be 0.1275 ± 3x10'^ mm. For d>da, the 
menisci did not move and the droplet remained in its stable barrel-shaped 
configuration. Schematic pictures of the cross-sectional shapes of liquid 
columns between parallel fibers at different d are shown in Figure 2. 




Figure 4. a) Critical spreading condition found by the dynamic method. The spreading/pinning 
criterion for hexadecane is dc = 0.1275 mm. As d approaches the fiber diameter, D = 0.1524 
mm, the wicking time increases steeply, b) Meniscus displacement versus square root of time. 
The inter-fiber spacing is 0.0955 mm. 
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4.2. Wicking Kinetics 

The selected images in Figure 2 show the process of spreading of 
hexadecane droplet along the fiber rails. The velocity of the meniscus 
propagation is determined by the ratio of the driving force (capillary pressure) 
to the viscous drag. This velocity is generally presented by the Lucas- 
Washburn-type (LW) equation 



dL 

dt 



k 

r]L 



[P,-Pc) 



( 1 ) 



Flere the L is the length of liquid column, k is the permeability of the inter- 
fiber channel, is the viscosity of the liquid, Pd is the pressure in the droplet. 
Pc is the capillary pressure at the meniscus, and t is time. The permeability k is 
almost independent of the length of the liquid column. It is proportional to the 
cross sectional area of the liquid column. The capillary pressure at the 
meniscus is much larger than the pressure in the droplet. Thus, the right hand 
side of Eq.l is proportional to ~HL. Therefore, in the intermediate stage of 
wicking, a plot of the meniscus displacement {L) versus square root of time 
should be linear. It is linear indeed, see Fig. 4b). Although the LW 
equation describes the intermediate and late stage of wicking fairy well, the 
initial velocity is finite in accord with the Bosanquet law According to 
Bosanquet, in the very beginning of spreading the wetting force, which is 
proportional to the surface tension times the fiber diameter, P«=2 7ld(7 cos 0 
are balanced by the inertial forces, proportional to the velocity squared times 
the column cross-section, Pi„ oo ifdD p , where p is the fluid density. Thus, 
the meniscus velocity scales as 

^Bosanquet oc (c7/t/p)'^\ (2) 



where a and p are the surface tension and density of the liquid, respectively. 
In the most interesting regime of near-critical inter-fiber spacing, since dc^D, 
the estimate (2) can be rewritten as 

U Bosanquet ^ ■ ( 3 ) 

The experiments show that the droplet spreading along fibers follows the 
Bosanquet law at the very beginning of its run and the Lucas-Washbum laws 
at late times. To double check the applicability of the Bosanquet and Lucas- 
Washburn models, we tested the flow patterns by adding Ti02 particles into 
hexadecane. As expected, the streamlines are monotonous lines starting from 
the droplet surface and ending at the menisci. At the transition zone near the 
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droplet edges, the streamlines condense to form a stream tube in the inter- 
fiber channel. No vortices were observed. 

5. CONCLUSIONS 

As shown, the fiber rails can be used for controlled delivery or collection 
of micro-quantities of wetting fluids in the form of droplets. Determined by 
the inter-fiber spacing, the rate of fluid transport through the inter-fiber 
channels can be controlled by external fields or forces. Compared to flow 
through the micropipes and microchannels, the viscous drug is reduced due to 
a partial replacement of the supporting walls by the free surfaces of menisci. 
The viscous drag can be further decreased by addition of specific surfactants 
that form the lubricating layers at the liquid/solid interfaces. Although we 
demonstrated the principle of droplet manipulation by fiber rails on the 
submillimeter scale, the capillary mechanism should be effective at the 
micrometer and submicrometer scales as well. The fiber rails can be built of 
any fibers and scaled down by using, in particular, composite carbon 
nanotube-polymer fibers carbon nanopipes or electrospun polymer 
nanofibers The proposed principle of exploiting fiber-based conduits opens 
new perspectives in micro- and nanofiuidic technologies. 
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Abstract: Carbon nanotubes, in which two-dimensional hexagonal lattice of 
graphene is transformed to a quasi one-dimensional lattice conserving the 
local bond arrangement, provide several structural parameters to engineer 
novel structures with desired properties allowing ultimate miniaturization. 
Recent interest in nanoscience and nanotechnology has driven a tremendous 
research activity in carbon nanotubes. Most of the effort has gone to modify 
various physical properties of nanotubes and to functionalize them by external 
agents, such as deformation, chemisorption, doping, coating etc. In this paper, 
we exploit various modified properties of functionalized tubes to develop 
theoretical models for nanodevice and nanomagnets. Our study is based on 
the first-principles pseudopotential plane wave calculations within the density 
functional theory. 

1. INTRODUCTION 

Nanoelectronics based on carbon nano tubes have been considered as a new 
frontier aiming at the ultimate miniaturization of electronic circuits with ultra 
high density components and new functionalities. Researchers, who can touch 
and relocate atoms, have been challenged to discover the novel properties of 
these strange materials in order to transform them into new devices or other 
technological applications. Several devices fabricated so far with different 
functionalities have kept the interest in the field alive. 

Carbon nanotubes [1] are unique materials which offer a variety of 
structural parameters to engineer their physical and chemical properties. [2,3] 
They can be synthesized as single wall (SWNT) or multiple wall (MWNT) 
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nanotubes; they can form ropes or even crystals. Even an ultimate one- 
dimensional (ID) carbon chain at the center of a MWNT (and stabilized by 
the innermost SWNT) has been discovered in the cathode deposits. [4] 
SWNTs are basically rolled graphite sheets, which are characterized by two 
integers (n,m). The rolling (or chiral vector) C = n&x + ma 2 , is defined in 
terms of the two-dimensional (2D) hexagonal Bravais lattice vectors of 
graphene, ai and aj. Then the radius of the tube is given in terms of (n,m) by 
the relation, R = ao(n^ + m^ + nm)'^^/27t, where ao = |ai| = |a 2 |. SWNTs exhibit 
different electronic structures depending on n and m ( i.e. on their chirality 
and radius). In the last decade, extensive research has been carried out on 
SWNTs aiming at the modification of electronic structure for desired device 
operations. 

The mechanical properties of carbon nanotubes are striking. [5] They are 
flexible and can sustain large elastic deformations radially, at the same time 
are very strong with high yield strength. [6,7] Their strength far exceeds that 
of any other fibre. Even more striking is the response of electronic structure to 
the radial deformation leading dramatic changes. [8] Moreover, it has been 
shown experimentally, as well as theoretically that the physical properties of 
SWNTs can be dramatically changed by the adsorption foreign atoms, 
molecules or by generating defects. [9,10] 

Here we have taken a theoretical approach and developed various models 
for nanodevices and nanomagnets using first-principles calculations within 
the density functional theory. The predictive power of the method in previous 
studies holds the promise that the present theoretical models can lead to novel 
nanodevices despite technical difficulties. 

2. METHOD 

The first principles total energy and electronic structure calculations have 
been performed using the pseudopotential plane wave method and the 
generalized gradient approximation within the density functional theory. We 
carried out both spin-unpolarized and spin-polarized calculations using a 
periodically repeating tetragonal supercell with lattice constants, Qsc, bsc and 
Csc- The lattice constants, a^c and bsc, are chosen such that the interaction 
between nearest neighbor tubes is negligible. We used ultra soft 
pseudopotentials and plane waves up to an energy cutoff of 400 eV. For all 
systems we studied all atomic positions of adsorbate and SWNT, as well as c 
are fully optimized by using the conjugate gradient method. Further details for 
the method of calculations can be obtained from Ref [11]. 
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3. ATOMIC AND ELECTRONIC STRUCTURE 

The electronic band structure of single wall carbon nanotubes are deduced 
from graphene by mapping its band structure corresponding to the 2D 
hexagonal lattice on a cylinder. [3,12,13,14,15,16] In this respect, SWNT 
presents an interesting example, in which dimensionality is reduced from two 
to one. The analysis based on the band folding indicates that the (n,n) 
armchair nanotubes are always metal with n -conduction, and 7t-valence bands 
crossing at the Fermi level, and exhibit ID quantum conduction. [16,17] The 
(n,0) zigzag SWNTs are generally semiconductor and only are metal if n is an 
integer multiple of three. Although the overall electronic structure of SWNTs 
has been described by this simple picture, recent studies [11,18] have shown 
much more complicated structural dependence. For example as predicted by 
first-principle calculations [11] and confirmed by experimental studies [18], 
(9,0) tube is, in fact, a small band gap semiconductor. 




2.0 3.0 4.0 9 0 e.o 

Radius (A) 

Figure 1. (a) Energies of the double degenerate n-states (VB), the double degenerate 7i*-states 
(CB) and the singlet 7i*-state as a function of nanotube radius. Each data point corresponds to n 
ranging from 4 to 15 consecutively, (b) The calculated band gaps as a function of the tube 
radius shown by filled symbols. Dashed lines is the plots of the fit Eg = Yodo/R. The 
experimental data are shown by open diamonds. [18, 19, 20] (Reproduced from Ref[l 1]) 
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First-principles calculations [11] result in small but non-zero energy band 
gaps of 93, 78 and 28 meV for (9,0), (12,0) and (15,0) SWNTs, respectively. 
Recently, these gaps are measured by Scanning Tunneling Spectroscopy 
(STS) experiments [18] as 80, 42 and 29 meV, in the same order. 

In Fig. 1, the double degenerate 7t-states (which are the valence band edge 
at the F-point), the double degenerate 7t*-states (which become the conduction 
band edge at F for large R), and the singlet 7t-state (which is in the conduction 
band for large R) are shown. As seen, the shift of the singlet 7t*-state is 
curvature dependent and below a certain radius it determines the band gap. 
For tubes with radius greater than 3.3 A° (i.e. n > 8), the energy of the singlet 
7t*-state at the F-point of the BZ is above the doubly degenerate 7t*-states (i.e. 
bottom of the conduction band), while it falls between the valence and 
conduction band edges for n=7,8, and eventually dips even below the double 
degenerate, 7t-states of the valence band for the zigzag SWNT with radius 
less than 2.7 A° (i.e. n < 7). Therefore, all the zigzag tubes with radius 
less than 2.7 A° are metallic. For n=7,8, the edge of the conduction band is 
made by the singlet 7t*-state, but not by the double degenerate 7t*-state. The 
band gap derived from the zone folding scheme is reduced by the shift of this 
singlet 7t*-state as a result of curvature induced o*-7t* mixing [21]. 

4. THEORETICAL MODELS FOR NANODEVICES 



Much of the research on carbon nanotubes have been carried out with the 
motivation to generate devices, such as sensors, transistors, nanomagnets etc, 
and hence find a feasible way that contribute to the objectives of 
miniaturization. Various nanodevices have been developed by exploiting the 
modification of the electronic structure of SWNTs induced by various effects, 
such as radial deformation, exohydrogenation, metal atom adsorption. In what 
follows we briefly explain various device models developed theoretically 
based on first-principles calculations. 

4.1 Quantum Structures Generated by Radical 
Deformation 

It has been shown theoretically that the band gap of semiconducting 
(zigzag) SWNT's decreases, and eventually is closed under increasing radial 
deformation. This property has been proposed to generate quantum structures. 
[8,22,23] The idea is simple and originates form the numerous work done on 
semiconductor heterostructures or quantum dots. It is known that owing 
to the band off-sets of the semiconductor heterostructures, the energies of the 
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band states of one semiconductor B may fall into the band gap of the adjacent 
semiconductor^. According to the Effective Mass Approximation, the height 
(depth) of the conduction (valence) band edge of A from that of B, AEc (AEv) 
behaves as a potential barrier for electrons (holes). For example, m layers of S 
between n layers of two A's form a quantum well yielding confined electronic 
states. The depth of the well and the width of the barrier and well (in terms of 
number of layers n and m, respectively) are crucial parameters to monitor the 
resulting electronic properties. By repeated formation of {A„Bm) one generates 
(multiple quantum well structure) MQWSs or (resonant tunneling double 
barrier) RTDB by the combination (A„B^„). Similar what one achieves in 
semiconductor heterostructures, periodic MWQSs or finite RTDB structure 
can be realized on an individual s-SWNT, and their electronic properties can 
be variably and reversibly monitored. Performing empirical tight binding and 
also first-principle calculations, Kili9 et al. [8] have shown that MQWS is 
generated by applying different radial deformations at adjacent parts of a (7,0) 
semiconducting SWNT, and repeating them periodically. They considered a 
supercell consisting of 16 unitcell of the (7,0) SWNT, the n unitcell of it were 
kept undeformed, and the remaining m=16-n were radially deformed. Tight- 
binding charge densities of the band edge states for superlattices 
corresponding to n = 4,8,12, have clearly demonstrated the confinement of 
states and quantum structure formation. Tombler et al. [22] have shown that a 
quantum dot can be produced by bending (hence inducing radial deformation) 
SWNT at a given point. Metallization of a semiconducting (7,0) SWNT upon 
radial deformation and formation of MQWS is shown in Fig 2. 
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Figure 2. Top panel: Cross section of SWNTs under various degree of radial strain. Bottom 
panel: Schematic description of MQWs generated on a (7,0) SWNT. Side panels: Variation of 
band gap and density of states at Fermi level, as a function of radial deformation expressed as 
a/b. 



4.2 Formation of MQWs by Modulating Hydrogenation 

Earlier it has been shown that the electronic structure of SWNTs is 
modified upon exohydrogenation, which is resulted with the opening of a 
wide band gap. [24] Using this effect, a model of electronic device based on a 
similar band gap modulation and hence MQWS formation as discussed above 
has been proposed recently. [25] In this case the band gap modulation is 
provided by the modulating hydrogen adsorption as described schematically 
in Fig 3. 

It has been shown that the zone of the SWNT which is kept clean and the 
zone which is hydrogenated, are expected to have different band 
structure. [24] This is the most crucial aspect that we have to explore. 
Normally, in the band continua, states in (€ 32)1 {Le. specified by /) zone are 
extended to the adjacent (C 32 H 32 )q ( i.e. specified by q) zone. These are 
propagating states and have comparable integrated probability (in both 
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adjacent zones. Defining /?, = || 'FniCr) | dr and = || ^(r) dr , pi 

l q 

~ pq for propagating states. On the other hand, if the energy of a state in one 
(say in the hydrogen-free 1-) zone of the superlattice coincides with the band 
gap of the adjacent hydrogenated q- zone, this particular state cannot 
propagate, and has to be confined to 





Figure 3. Superlattice structures, [(C 32 )i{C 32 H 32 )q\ formed on a single (8; 0) SWNT by 
modulating adsorption of hydrogen atoms, (a) I = q = (b) I = q = 2. The positions of all H 

and C atoms, as well as superlattice parameter Cs are calculated from full structure optimization 
by using conjugate gradient method. (Reproduced Ref [25]) 

the zone it belongs to. Accordingly, pi » pq, are very much different. As a 
result, electrons or holes can be confined in a hydrogen free region of SWNT 
sandwiched between two regions which are uniformly hydrogenated. 

We can now estimate band off-sets by taking a direct and practical 
approach and deduce the band offsets and resulting energy band diagram from 
the calculated electronic structure of the superlattice 1 = q = 2. [25] We note 
that the band off-sets are incorporated in the calculated state densities. The 
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energy band diagram in direct space is obtained by analyzing the characters 
and the energy positions of the band structure in / and q zones and by 
examining the gaps of the local density of states calculated from the first 
principles. The band gaps at the hydrogen-free and exohydrogenated regions 
of the superlattice are slightly different from the values corresponding to 1 = oo 
and q = 00, and are deduced from the local density of states to be Eg 1=2 - 0.5 
eV and Eg_q=2 - 2.3 eV, respectively. The band-offsets at the valence and 
conduction band are then estimated to be AEv =~ 1 .4 eV and AEc =~ 0.4 eV, 
respectively. Keeping in mind that the value of AEc is small and it may be 
within the error bars in short periodicity superlattices, The values, AEy and 
AEc, suggest a type-I, i.e. normal band-lineup as shown in Fig. 4 . 




Figure 4. Schematic illustration of the energy band diagram of a resonant tunnelling double 
barrier structure generated by a modulating adsorption of H atoms on a s-SWNT superlattice 
indicating a type-I, normal band-lineup. (Reproduced from Ref [25]) 

The present discussion for the periodically repeating quantum wells can be 
extended to finite systems, for example to the resonant tunnelling double 
barriers, made by a zone (032)1 placed between two zones of (C32H32)q, i.e. 
(C32H32)q(C32)i(C32H32)q. Metallic reservoirs adjacent to both barriers, i.e. 
(C32H32)q, and metallic connects of the device can be achieved by metal 
coating [ 26 , 27 , 28 ]. Also a metal-semiconductor heterostructure can be formed 
by modulating hydrogenation of a (n,n) armchair SWNT. This way metallic 
connects are provided by the hydrogen free ends of the tube. 
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4.3 SWNT-Metal Electrode Contact 

The switching of the current in a semiconducting single wall carbon 
nanotube s-SWNT) at room temperature by an external electric field has been 
utilized to fabricate a new field effect transistor (FET). [29, 30, 31] The 
interaction between s-SWNT and metal electrode, and the Schottky barrier, 
d>B formed thereof have been proposed as the origin of FET operation. Model 
calculations have been carried out to provide further understanding of 
experimental I-V characteristics. [32, 33] The SWNT-electrode interaction 
and resulting electronic structure are crucial for the electron transport and 
hence for all device properties, but they are not thoroughly investigated 
theoretically. The origin of the potential barrier formed between a 
semiconducting SWNT and a specific metal electrode has been investigated 
recently by using first-principles calculations. [10, 34] 

The interaction and binding energy between individual Au atom and (8,0) 
tube is essential for the contact. The contact on the gold electrode is formed 
by placing the s-SWNT on the Au(lOO) surface, so that a surface Au atom 
faces the center of the 
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(a) Local densities of states (LDOS) at different An and C atoms of the (8,0) 
zigzag SWNT side bonded to the Au(lOO) surface. The location of atoms is 
described by inset. The zero of energy is taken at the Fermi energy Ep. State 
densities shown by empty circles and filled diamonds correspond to 6 
neighboring carbon atoms. Other densities are for single atoms, (b) Contour 
plots of the SCF electronic potential, Ve(r), on a vertical plane, (c) Same as in 

(b) on a horizontal plane bisecting s. In the dark gray regions Ve(r) > Ep. (d), 
(e) and (f) correspond to the radially deformed (8,0) SWNT pressed between 
two 3-layer Au(lOO) slabs with b/a=0.47 as shown by inset. State densities 
shown by empty circles in (d) correspond to 6 neighboring carbon atoms. 
Other densities are for single atoms, (g) Variation of Ve(z) on a perpendicular 
line passing through the center of SWNT. (Reproduced from Ref [34]) 
hexagon. The Au-SWNT equilibrium distance, s occurred at 3.18 A° as a 
result of full structure optimization. This implies a weak Au-SWNT 
interaction which is characterized by physisorption. The local densities of 
states (LDOS) calculated for two Au atoms at different sites (one is at the 
contact just below the SWNT hexagon; the second being farthest to SWNT 
mimics the clean Au surface) in Fig. 5a have finite state density at the Fermi 
level. These two LDOS’s are similar; there are only minute changes. Whereas 
the LDOS of the carbon atoms at the contact still has a band gap. The Fermi 
level lies near the top of the valence band of SWNT and complies with a 
small (Lb in the hole doping picture. The LDOS at the carbon atom which is 
farthest from the metal electrode displays a state distribution similar to that of 
the carbon atom at the contact region. Calculated total charge density of 
SWNT bonded to the metal electrode, E, i.e. p[SWNT+E\, and difference 
charge density, Ap = p[SWNT + E] - p[E\ - p[SWNT\, shows minute charge 
rearrangement. These results indicate that the weak Au electrode-SWNT 
interaction does not induce any significant changes in the electronic structure. 
The SCF electronic potential between SWNT and Au electrode, Ve (r) = Lto„(r) 
+ Vh (r) + Vx (r), is presented on a vertical plane and also on a horizontal 
plane bisecting s. The shaded area shows that the electronic potential energy 
at the contact yields a potential barrier d>c = Ve - Ep > 0. At the contact 
midway between SWNT and Au(lOO) surface Oc is calculated to be ~ 3.9 
eV, that is comparable with the calculated work function (d> ~ 5 eV) of Au- 
slab. Fig. 5(g) shows the variation of Ve{z) on a line passing through the 
center of the SWNT and perpendicular to the Au(lOO) surface. The effective 
potential barrier d>c,eff , can be even higher owing to the increased 
confinement of electrons at the contact region. Therefore, electrons which are 
transferred from the metal to the semiconducting SWNT has to tunnel a 
potential barrier (bc.effCt). 
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Under radial deformation, the spacing s has decreased to 2.6 A°, and 
eventually the barrier has collapsed (i.e. Ve < Ep ) at specific sites at the 
contact (see Fig. 5(e) and (f)). Under these circumstances, the electron from 
the SWNT can be ballistically transferred to the gold electrodes. 

4.4 Metal Nano-Rings 

Metal nanorings are of particular interest, because they may lead to the 
realization of nanosolenoids on SWNTs. The small radius of a metallic 
nanoring around the carbon nanotube may lead to interesting electromagnetic 
properties. The magnetic field 6 at the center of the ring can be expressed in 
terms of the quantized angular momentum Lz of the electrons in the direction 
parallel to the tube axis 



ATtmr^ 

where r is the radius of the nanoring. Taking the lowest possible value for 
and r = 5.9 A° we estimate 6 to be at the order of 100 Gauss. [26] The current 
in the metal ring that can induce such a high magnetic field is comparable to 
the current attained in the suspended, monoatomic gold chains. Relatively 
higher magnetic fields at the order of Tesla can be induced by higher current 
passing through a thick Ti based metal coating around the SWNT, or by 
increasing the number of turns and hence by forming a nanocoil. Miyamoto et 
a/. [35] have examined the chiral conductivity in bare BC 2 N nanotubes. They 
estimated that magnetic field of a few tenths of Tesla can be induced at the 
center of the tube by assuming relaxation time of carriers ~50 times larger 
than that in Cu and homogeneous chiral current density confined to the tubule 
wall. 

Metal nanorings winding the SWNT are also important, because they may 
allow the generation of persistent current at the nanoscale. Persistent currents 
in the nanoring can start by sudden application of an external magnetic field. 
In this way it is possible to use the nanotube, with a ring at its end, as a local 
magnetic probe at nanoscale. The persistent currents induced around a SWNT 
have been proposed as possible qubit in quantum computation. A 
superconducting ring may also be used for Schrodinger’s cat experiments 
where one deals with superposition of macroscopic quantum states. [36] The 
two supercurrent quantum states (clockwise and counterclockwise flow) sit in 
two separate quantum wells. It has been observed that a weak microwave, 
which does not break Cooper pairs, can cause quantum tunnelling between 
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these two macroscopic states. In this kind of experiments the main problem is 
to isolate the superconducting quantum interference device (SQUID) from the 
outside (nonquantum) environment and that is why isolated carbon nanotubes 
can be very useful. 

Motivated with these exciting future applications, Bagci et al. [26] studied 
the formation of Al-nanoring around a (8,0) SWNT. Since aluminium atom s 
have strong Al-Al interaction, but not so strong Al-SWNT interaction, they 
tend to form clusters or nanoparticles {i.e. 3D islands) on the surface of 
SWNT. However, Bagci et al. showed that at special configuration stable 
nanoring can be formed. Al-nanoring coverage is obtained by placing Al 
atoms on top of carbon atoms (T-site), forming a zigzag ring. This structure 
includes 64 C and 16 Al atoms in the double unit cell. In this initial 
configuration the Al-Al distance is 2.33 A° and the angle of Al-Al-Al bond is 
-137°. After structure optimization, the Al-Al bond length is increased to 2.56 
A°, and the Al-Al -Al bond angle is decreased to 124°, yielding the radius of 
the nanoring to be 5.9 A°. A side view of the optimized structure of the Al- 
nanoring wrapping the (8,0) SWNT is illustrated in Fig. 6. The binding energy 
of the Al nanoring is calculated to be 0.85 eV. The stability of the Al 
nanoring around the nanotube can be understood from the stable structures of 
planar Al monoatomic chains. Recent studies on the low dimensional 
structures of metals have revealed several stable atomic structures in one 
dimension (ID). [37, 38, 40] The firstprinciples calculations predicted linear 
chain, planar zigzag, triangular, ladder and non-planar dumbbell and 
pentagonal structures as stable structures for Al wires. [38, 39, 40]. More 
interestingly, it was found that by going from bulk to a chain structure the 
character of bonding in Al wires changes and acquires directionality. [40] 
Among a number of these ID stable structures of Al predicted by first- 
principles calculations [40] was the planar zigzag monoatomic chain of Al 
with a bond angle 139° and bond distance 2.53 A°. This zigzag structure is 
only a local minimum on the Born-Oppenheimer surface, and hence its 
binding energy (1.92 eV) is intermediate between the binding energies of bulk 
and linear structures. An energy barrier of ~0.1 eV prevents the transition 
from the planar zigzag structure to other relatively more stable ID 
structures. [40] The final optimized structure of the zigzag Al nanoring around 
the (8,0) nanotube has structural parameters similar to this planar zigzag 
structure, except that it is rolled on a cylinder. The SWNT initially serves as a 
template in the formation of the ring structure and also increases the stability 
of the ring by preventing the transitions to other relatively more stable 
structures. Therefore, the Al nanoring around the SWNT is expected to be 
stable at room temperature. Interestingly, the nanoring is also stable by itself. 
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since the position of A1 atoms do not change significantly upon discarding the 
underlying carbon nanotube. 




Figure 6. A view of the optimized structure of the A1 zigzag nanoring formed on a (8,0) 
SWNT. 

The electronic properties of the flat zigzag A1 nanoring system are also 
quite interesting. The electronic energy bands of the A1 metal ring (without 
SWNT) are derived from the dispersive bands of the flat zigzag A1 chain. [40] 
When the flat zigzag A1 chain is rolled into a ring, its bands are zone folded at 
the T-point and they appear as a number of discrete energy levels. For the 
case of the A1 nanoring wrapping the nanotube, these states are mixed with 
the states of the nanotube and give rise to the bands and density of states, 
which attributes a metallic behavior to the combined Al-nanoring and (8,0) 
nanotube system. According to Mulliken analysis 0.15 electrons are 
transferred from each A1 atom to the SWNT. 

4.5. Nano-magnets 

Earlier it was shown that most of the transition metals adsorbed on SWNT 
have magnetic ground state. [27, 28] It is expected that a nanomagnet can be 
formed once SWNT is fully covered or coated by this specific atoms. As a 
matter of fact, supercell calculations predicting the magnetic ground state of 
an individual atom adsorbed SWNT actually correspond to the chain of atoms 
adsorbed on the SWNT. Therefore, first-principles calculations by Durgun et 
al. [27, 28] present evidence that one can generate nanomagnets from SWNTs 
covered by transition metal atoms (such as Ti, Ta, etc). We found that single 
Ti atom adsorbed on the (8,0) SWNT give rise to 2.27 pu (Bohr magneton) 
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net magnetic moment. This value rises to ~13 |aB/unit cell when the SWNT is 
fully covered by Ti atoms. 

From the spintronics and molecular magnetism point of view, the subject is 
extremely important, and requires further study of the magnetization of 
transition metal atom covered SWNTs. Yang et al. [41] performed first- 
principles calculations of Co filled and Co coated (9,0) tube, and found that 
these systems exhibit substantial magnetic moment (1.4 pb per Co atom) and 
have a very high spin polarization, which is crucial for the spin-valve effect. 

5. CONCLUSIONS 

Intensive laboratory work compounded with theoretical studies during last 
decade has made remarkable advances in methods and techniques which were 
able to produce novel electronic devices based on carbon nanotubes. These 
devices have kept the great expectations from these materials vivid and have 
continued to motivate further research. It appears that one still needs new 
paradigms in the integration of several nanodevices. In addition to their 
contribution for the better understanding of various fundamental effects, first- 
principles calculations are crucial for discovering new properties and for 
designing novel nanodevices. Many features of nanostructures and their I-V 
characteristics can be revealed accurately and easily in the computer medium 
by using first-principles calculations. Specific features of nanostructures, 
which cannot be easily probed in laboratory environment, can be provided 
also by first-principles and empirical calculations. In this respect, the role of 
theoretical work and numerical simulations in the development of the field is 
indispensable. 
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Abstract: Carbon nanotubes continue to surprise scientists with their novel 
properties. Recently we have discovered many intimate relationships between 
structural deformation and the properties of single-walled nanotubes (SWNT) 
that could be important in technological applications. From the first-principles 
we show that by using pressure, carbon nanotubes can be covalently joined to 
form one and two-dimensional networks of interlinked nanotubes. We also 
found that the band gap of an insulating nanotube can be engineered by 
elliptical distortion, which is found to be in the elastic range. This could allow 
the fine-tuning of the properties of SWNTs via reversible deformation and 
ultimately lead to variable quantum devices. Finally, we have shown that the 
chemical reactivity of nanotubes can be tuned by elliptical deformation, which 
may provide a way to attach various atoms such as H and metals to a specific 
location on a nanotube. In particular, we have studied hydrogenated carbon 
nano tubes for a large number of configurations and hydrogen coverage. We 
show that the electronic and atomic structure of carbon nanotubes undergo 
dramatic changes with hydrogen chemisorption. The first principle 
calculations indicate that selective bonding of hydrogen to nanotubes can give 
rise to a number of potentially useful applications in the emerging field of 
molecular electronics. 



Keywords: Carbon nanotubes, SWNT, first-principles calculations, 
absorption, nanodevices, hydrogenated SWNT 
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1. INTRODUCTION 

Carbon nanotubes, originally discovered as by products of fullerene 
synthesis [1], are now considered to be the building blocks of future nanoscale 
electronic and mechanical devices [2]. It is, therefore, desirable to have a 
good understanding of their electronic and mechanical properties and the 
interrelations between them. In particular, single wall carbon nanotubes 
(SWNTs) provide a system where the electronic properties can be controlled 
by the structure of the nanotubes and by various deformations of their 
geometries [3-12]. SWNTs are basically rolled graphite sheets, which are 
characterized by two integers (n,m) defining the rolling vector of graphite. 
Therefore, the electronic properties of SWNTs, to the first order, can be 
deduced from that of the graphite by mapping the band structure from a 2D 
hexagonal lattice onto a cylinder. Such an analysis indicates that (n,n) 
armchair nanotubes are always metallic and (n,0) zigzag nanotubes are 
metallic only if n is an integer multiple of three. Using the state-of-the-art 
first-principles total energy calculations, we have shown that these electronic 
properties can be significantly modified by structural deformation of single- 
walled nanotubes (SWNT) [9-13]. Here we present a brief review of our 
findings. 

2. PRESSURE-INDUCED INTERLINKING OF CARBON 
NANOTUBES 

In this section we discuss the effect of the external pressure on intertube 
interactions between nanotubes packed in hexagonal lattices, as so called 
"nanoropes" [10]. The intertube interactions in nano ropes can be probed by 
applying external pressure to vary the intertube distance. For fullerenes, such 
high-pressure studies have yielded many interesting results including new 
compounds such as the pressure-induced polymeric phases of Ceo- It is, 
therefore, of interest to inquire if similar covalent-bonding can occur between 
the nanotubes in a rope. This could have important consequences for 
nanoscale device applications and composite materials that require strong 
mechanical properties since nano ropes consisting of inter-linked SWNT will 
be significantly stronger than nano ropes composed of van der Waals (vdW) 
packed nanotubes. 
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Figure 1. Optimized structures of the vdW (7,0) (a), and one dimensional interlinked (7,0) (b) 
nanotube lattices. The interlinked structure shown in (b) has lower energy than vdW packed 
(7,0) nanotubes shown in (a). 

We investigated possible new pressure-induced ground state structures for 
(n,0) nanotube ropes from first-principles total energy calculations using the 
pseudopotential method within the generalized gradient approximation 
(GGA)[13]. For simplicity, we model the nano ropes as a hexagonal lattice of 
nanotubes with one nanotube per unit cell. The pressure dependence of the 
lattices of nanotubes was determined by calculating the total energy as a 
function of nanotube separation (i.e. a and b) while the other parameters, 
including atom positions, c, and y are optimized. We observe that (7,0) 
nanotubes become elliptically distorted with applied pressure (i.e. decreasing 
nanotube-nanotube distance). At a critical pressure, we observe a structural 
phase transformation from the van der Waals nanotube lattice (as shown in 
Fig.l a) to a new lattice in which the nanotubes are interlinked along the [110] 
direction, where the strain of the nanotube is largest (Fig. 1(b)). The covalent 
bonding between nanotubes is therefore the result of curvature-induced re- 
hybridization of the carbon orbitals. The same structural transformation was 
observed for the other (n, 0) nano ropes. 



Figure 2. Planar lattice 
constant variation of the total 
energy of (7,0) nanotube 
ropes in three different 
phases. Inset shows the view 
of the structures along c- 
axis. The zero of energy was 
taken to be the energy of 
vdW packing of the 
nanotubes. 
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To quantitatively study the bonding mechanism, we calculated the total 
energies of the different phases as a function of the lattice constant (i.e. 
applied pressure). The result for (7,0) nanotubes is summarized in Fig. 2. The 
energies of the vdW and the one dimensional interlinked phases cross each 
other at about a = 9.0 A with an energy barrier of only 46 meV/unitcell (552 
K). The pressure required to attain this lattice constant is only about 0.3 GPa 
for the vdW phase, indicating that polymerization of vdW (7,0) nanoropes 
could occur at modest pressures and temperatures. Once the interlinked phase 
is reached, the energy barrier required to break the bonds and obtain free 
nanotubes is about 0.7 eV (25 meV/atom), which is comparable to that of ID 
polymerized Ceo molecules (20 meV/atom). 

Fig. 2 also shows that another interlinked phase of (7,0) nanotubes becomes 
the ground state for lattice parameter smaller than 8.0 A. In this new phase 
the nanotubes are interlinked along both a- and b-axes (see Fig. 3(a)). This two 
dimensional interlinked structure is about four times stiffer than the ID 
interlinked phase and sixteen times stiffer than the vdW nanoropes. 

We observe that applying even higher pressures yields more complicated 
and denser phases for many of the nano ropes studied here (see Fig. 3). For 
(9,0) nanoropes, we find that the nanotubes are interlinked along three 
directions, forming a hexagonal network. The length of the intertube bond, dc- 
c = 1.644 A, is significantly elongated for a sp^ C-C bond. The two 
dimensional interlinked phase of (7,0) nanotubes is further transformed to a 
denser structure at 30 Gpa with a band gap of 2 eV (Fig. 3(c)). By comparison, 
(6,6) nanotubes do not form an interlinked structure up to a pressure of 60 
GPa. Rather the nanotubes are hexagonally distorted such that the local 
structure of the nanotube faces is similar to that in graphite sheets (Fig. 3(d)). 
Furthermore, releasing the pressure yields the original structure, indicating 
that the distortion is purely elastic. The structural changes clearly have strong 
effects on the electronic properties [10] and therefore should be detected in 
the pressure dependence of various transport properties of nanoropes. 




Figure 3. Various high density 
phases of carbon nanotubes; 

(a) Two dimensional 
interlinked structure of (5,0) 
nanotubes, consisting of 
rectangularly distorted 
nanotubes interlinked on a 2D 
network, (b) A hexagonal 
network of (9,0) nanotubes, (c) 
A very dense structure of (7,0) 
nanotubes obtained under 30 
GPa pressure, (d) The 
optimized structure of (6,6) 
nanotubes under P=53 GPa. 
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The new pressure-induced, high density phases[10] reported here may 
provide a way of synthesizing novel carbon base materials with interesting 
physical properties. For example, interlinking of the nanotubes may improve 
the mechanical performance of composites based on these materials. The 
change in the band gap of a SWNT with applied pressure can be exploited to 
realize various quantum devices on a single nanotube with variable and 
reversible electronic properties [10]. Finally, we note that several months after 
our predictions [10] were published, similar structures of interlinked 
nanotubes were experimentally observed [14-15], indicating the predicting 
power of the first-principles computational technique. 

3. BAND GAP ENGINEERING 

In the previous section we showed that at modest pressures the circular 
cross-section of the nanotubes in a rope is distorted to elliptical one. This 
raises an interesting question; namely what is the effect of such an elliptical 
deformation on the electronic and chemical properties of an individual carbon 
nanotube? Recently, we have addressed this issue using first-principles 
calculations [9]. Our results are summarized in Figure 4. 




' T . . T- . ■ I . . . ^ 

0.0 0.1 „ 0.2 0.3 



Figure 4. Variation of the energy band gap iigap(a) and density of the states at the Fermi energy 
(b) as a function of elliptical deformation . 




204 



We find that the electronic properties of SWNTs can be significantly 
modified by radial strain, which distorts the circular cross section to an 
elliptical one. Figure 4 shows that the energy gap of an insulating SWNT 
decreases and eventually vanishes at an insulator-metal transition with 
increasing applied elliptical strain. The density of states at the Fermi level 
N(E^), of a metallized SWNT increases with increasing deformation. More 
interestingly, the elliptical deformation necessary to induce metallicity is 
found to be in the elastic range. Therefore, all strain induced changes in 
electronic and also in mechanical properties are reversible. 

The band gap engineering in carbon nanotubes by reversable deformation 
discussed above can be used to construct variable and reversible quantum 
structures In Ref [9], we explored this idea, namely that various quantum 
structures can easily be realized on an individual carbon nanotubes and the 
properties of these structures can be controlled by applied transverse 
compressive stress. If such a deformation is not uniform but has different 
magnitude at different positions along the nanotube then the different regions 
will have different band gap and quantum wells of the desired electronic 
character can be formed. In this respect, the present scheme is quite different 
from previous constructions of nanotube heterostructures or quantum dots, 
where one had to fabricate each time a different junction to satisfy the desired 
electronic character. We also demonstrated in Ref [9] various nanodevices 
and band-alignment on a single tube (up to 300 carbon atoms) using this idea 
of deformation induced band gap modification of nanotubes. 

4. TUNABLE ABSORPTION 

Another significant effect of the elliptical distortion of SWNTs is the 
change in the uniformity of their charge distribution. This, in turn, imposes 
changes in the chemical reactivity and hence on the interaction of the tube 
surface with foreign atoms and molecules [11]. To demonstrate this, we 
calculate the binding energies of H and a simple metal atom, Al, on SWNTs 
as functions of nanotube radius (R), type, and elliptical deformation. We find 
that the binding energy, Rb, is positive (i.e. stable) and follows a remarkably 
simple 1/R scaling for (n, 0) SWNTs for both H and Al, even though H 
prefers to sit on top of C atoms and Al favors the hollow sites (i.e. top of 
hexagons). Increasing binding energy with increasing curvature (i.e. 
decreasing R) suggests that can be modified by elliptical deformation. 

Figure 5 shows the variation of the binding energy E^ of a single hydrogen 
atom adsorbed on the sharp and flat edges of the (8,0) surface with elliptical 
distortion. With increasing distortion, the binding energy of the sharp site 
increases, while it decreases for the fiat site, creating an energy difference of 
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= 1.1 eV at the distortion value ^ 0.3. This value is 44 % of the binding 
energy of H on the undeformed SWNT. 




Figure 5. Binding energies of the sharp (top) and the flat sites (bottom) versus elliptical 
deformation for a hydrogen adsorbed on a (8,0) SWNT. 

The binding energy of A1 exhibits a behavior similar to that of H, despite 
H and A1 favoring different sites on the (8,0) tube. Elliptical deformation 
increases the binding energy of the both flat and sharp sites for Al, given an 
energy difference of 0.5 eV at the deformation e= 0.3. It is remarkable that 
Al, which is not bound to the graphite, can be adsorbed at the sharp site of the 
distorted SWNT with a binding energy of 1.8 eV. Hence, we conclude that 
not only band gap engineering but also chemical reactions taking place on the 
surface of a SWNT can be engineered through radial deformation. Our 
findings from first-principles calculations [11] are in good agreement with the 
idea of “Kinky Chemistry”, which was first proposed by Srivastava et al. 
using a many-body empirical potential [16]. 




Figure 6: Contour plot of the first conduction band of an undeformed (top) and elliptically 
deformed (bottom) (8,0) SWNT. See the following website for animation of this effect: 

http://www.ncnr.nist.gov/staff/taner/nanotube. 
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An explanation of this remarkable change of the binding energy with 
elliptical deformation is sought in the electronic structure of SWNTs. Figure 6 
shows the response of the first conduction band to elliptical distortion. It is 
clear that the distortion disturbs the uniformity of the charge distribution of 
the SWNT and pushes the chemically most active electrons from the fiat to 
the sharp site of the nanotube, increasing the adsorption energy of the sharp 
site significantly. Surprisingly, the effect of distortion on metallic armchair 
(n,n) nanotubes is found to be very small due to the metallic bands of the 
tubes [11]. This could be important in selective functionalization of 
nanotubes. 

5. HYDROGENATED CARBON NANOTUBES 

Above we have shown that the chemical activity of carbon nanotubes 
strongly depend on the chirality and radius, suggesting tunable absorption of 
atoms on SWNTs by structural deformation. The interplay between 
adsorption and electromechanical properties can give rise to novel 
physiochemical properties. The experimentally observed sensitivity of the 
electronic properties of SWNTs to the presence of oxygen and hydrogen is 
clear evidence for the importance of this interplay [18]. Furthermore the 
understanding of the interaction between hydrogen and carbon nanotubes is 
particularly important due to potential application of nanotubes for hydrogen 
storage where the large effective surface area promises a large absorption 
capacity. 

Hydrogen-carbon interactions have been studied extensively both 
theoretically and experimentally for many interesting polyhedral molecules, 
such as cubane CgHg [19,20], and dodecahedrane (C 20 H 20 ) [21] (see Fig. 7). 
These novel polyhedral molecules, which represent the zero dimensional case, 
exhibit many interesting properties. However, due to the one dimensional 
nature and the curvature of carbon nanotubes, the hydrogen-carbon 
interactions in these systems may be quite different than those in polyhedral 
molecules. Therefore, it is important to know if it is also possible to 
hydrogenate carbon nanotubes in a similar way and if so what their structural 
and electronic properties would be. In this section we address this important 
issue by performing extensive first-principles calculations to study the 
structural and electronic properties of hydrogenated SWNTs (H-SWNT) as a 
function of hydrogen coverage and decoration (i.e. isomers). 
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Figure 7. Three different polyhedra of carbon and hydrogen. The molecules shown at the left 
(i.e. cubane) and middle (i.e. dodecahedrane) have been synthesized successfully. The right 
panel shows the fully exo hydrogenated carbon nanotube (a side and top view) studied in this 
work. 



We have considered zigzag ((7,0), (8,0), (9,0), (10,0), (12,0)) and armchair 
((6,6), (10,10)) SWNTs, which are hydrogenated at two different coverages. 
For full coverage, we consider two isomers; namely (/) exohydrogenation 
where each carbon atom is bonded to a hydrogen atom from outside of the 
nanotube and {ii) endo-exohydrogenation where each carbon atom is bonded 
to a hydrogen from inside and outside of the tube alternatively. For half 
coverage, we consider the three most interesting isomers; namely (/) uniform 
pattern where every other carbon atom is bonded to a hydrogen from outside, 
(a) chain pattern where every other carbon zigzag chain is saturated by 
hydrogen, and {Hi) dimer pattern where every other carbon dimmer rows 
perpendicular to the zigzag carbon chains are saturated by hydrogen. We find 
that geometric and electronic structures and binding energies of these 
different FI-SWNT’s strongly depend on the pattern of hydrogenation. The 
optimized structures and their binding energies are summarized in Fig. 8. 
From this figure we see that for both zigzag and armchair nanotubes, 
hydrogenation of each carbon atom from inside and outside alternatively yield 
the most stable isomer with a very weak curvature dependence and a large 
band gap. 

Our calculations [17] indicate that strategically placing hydrogen on the 
exterior of carbon nanotubes leads to dramatic changes in their electronic and 
atomic structures. One of the most important results [17] is that upon 
hydrogenation at uniform half coverage, the zigzag (n,0) SWNTs are 
metallized with high density of states at the Fermi level as shown in Fig. 9. 
Surprisingly, the cross section of the nanotube — initially being cylindrical — 
becomes rectangular, with a diamond-like carbon atom at each corner (see 
Fig. 9). These chemically passive carbon atoms isolate the four conducting 
faces of the FI-SWNT, yielding a “four-wire nanocable” . Because of the high 
density of conduction electrons in this particular configuration, it may be 
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possible to chemically engineer nanotube wires that are ideal ID conductors 
and even superconducting. Lattice dynamics calculations of hydrogen 
phonons and their coupling with the electronic structure are underway to 
pursue this possibility further. 




Radius ( A ) 



Figure 8. Average binding energies, of hydrogen atoms adsorbed on various zigzag and 
armchair SWNTs versus bare tube radius R. Filled and open symbols are for zigzag and 
armchair nanotubes, respectively. Circles and diamonds are for exo- and endo- 
exohydrogenation at full coverage, respectively. The filled squares show the zigzag nanotubes 
uniformly exohydrogenated at half coverage. The chain and dimmer patterns of adsorbed 
hydrogen atoms at half coverage are shown by down- and up-triangles, respectively. Insets 
show top view of several H-SWNT isomers. 
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Figure 9. TOP: A side and top view of a hydrogenated (8,0) SWNT at half coverage. The black 
and gray spheres represent carbon and hydrogen atoms, respectively. Note that the fully 
optimized structure has a rectangular cross section. BOTTOM: The electronic density of states 
(DOS), indicating a very large number of states at the Fermi level. Hence hydrogenation of an 
insulating (8,0) SWNT at half coverage induce metalization. The dotted line shows the 
contribution to the DOS from hydrogen atoms. 



For other isomers at half coverage as well as exo- and endo- 
exohydrogenations at full coverage, the cross sections remain quasi-circular 
and electronic structures vary greatly among the resultant materials. For 
example, the chain pattern FI-SWNTs exhibit small band gap of ~2eV while 
the dimer pattern FI-SWNTs exhibit a band gap of ~4 eV. Our results indicate 
that selective bonding of hydrogen to nanotubes can give rise to a number of 
potentially useful applications in the emerging field of molecular electronics. 

Our study of hydrogenated carbon nanotubes reveals many important and 
novel effects of hydrogen adsorption on SWNTs, and brings a number of new 
problems and issues to be explored [22]. For example, one can argue that the 
band gap of a SWNT can be engineered by the controlled hydrogenation of a 
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single nanotube as in the alloy of SixGei.x. A number of isomers which can be 
tailored with different hydrogen decoration provide options in developing new 
materials. Furthermore, multiple quantum well structures, or one dimensional 
chain of quantum dots, can be tailored by periodic and modulated 
hydrogenation of a single nano tube. Finally, the very high density of states at 
the Fermi level of uniform pattern isomer at half coverage may result in to 
superconductivity in SWNT based nanowires. Needless to say, realization of 
the systems proposed here will be an experimental challenge. Flowever, the 
fact that other carbon clusters such as cubane, dodecahedrane, and C 60 H 32 
have been successfully synthesized suggests that this is not an impossible 
task. 

6. CONCLUSION 

We believe that the tunable electronic and chemical properties reported 
here could have important implications to realize various quantum devices on 
a single nanotube with variable and reversible electronic properties. Our 
studies suggested promising new avenues for nano tube research. We showed 
how changing the shape of tiny single-walled tubes of carbon may open a 
potential mother lode of technologically useful properties, such as engineering 
nanotubes to be metal or even superconduct, reversible metal-insulator 
junctions, quantum wells, catalysts, hydrogen storage devices, magnetic tubes 
(by absorbing magnetic ions), etc. Our results point out productive paths for 
other researchers to follow in experiments that pursue opportunities to make 
new materials and technologies with nanotubes. 

Acknowledgments: This work was partially supported by the National 
Science Foundation under Grant No.’s INT97-31014, fNT01-15021 and 
TUBITAK under Grant No. TBAG-U/13(101T010). 
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Abstract: In this work one-electron density of states (DOS) for single-wall 
boron nitride nanotubes of different configurations has been calculated 
numerically with the computer program specially developed. The result has 
been obtained by numerical integration of dispersion curves of hexagonal 
boron nitride. The allowed values of wave vector have been derived using 
“zone folding” model. The data calculated have been plotted on “Kataura”- 
type graph demonstrating a dependence of the gap value on BN nanotube 
diameter. No metallic BN nanotubes have been revealed. 



1. INTRODUCTION 

Recently synthesized [1] boron nitride single-wall carbon nanotubes 
possesses a variety of interesting physical properties. A nanotube is a 
hexagonal boron nitride monolayer rolled up so as to form a cylinder with 
diameter of 10-20 A. The appearance of circular periodicity, which is a 
multiple of the cylinder circumference, gives rise to additional boundary 
conditions for the quantum dimension of the electronic states. 

Boron nitride nanotubes are unique due to their one-dimensional structure. 
A very small diameter is a reason of a specific view of electron density of 
states (DOS) demonstrating a set of singularities [2-4]. At the moment, there 
is a very few number of experimental works on this material. One of the most 
interesting fields is optics of BN nanotubes. Experimentally, the information 
about electronic structure may be obtained by scanning tunneling microscopy 
(STM), optical absorption and resonance Raman spectroscopy. For 
understanding the optical properties knowledge about electronic structure of 
this material is necessary. 
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This work is devoted to development of the computer program for 
numerical calculations of one-electron DOS for single-wall boron nitride 
nanotubes [5,6], applicable to nanotubes of any geometry. The data calculated 
have been plotted on “Kataura”-type graph demonstrating a dependence of the 
gap value on the BN nanotube diameter. No metallic BN nano tubes have been 
revealed. 

2. ALGORITHM OF DOS CALCULATION 

DOS of single-wall boron nitride nanotubes has been calculated by Monte- 
Carlo numerical integration method. 2D-dispersion for boron nitride was 
integrated over all allowed values of wave vectors. Allowed values of wave 
vector depend on geometry of nanotube. The obtained density of states also 
depends on nanotube geometry. 

The 2D-dispersion surface of boron nitride has been deduced on the basis 
of published one-dimensional dispersion relations for few directions in 
Brillouin zone of hexagonal BN [7]. An inequality of B and N atoms has been 
taken into account. A view of 2D-dispersion for boron nitride is show in 
Fig.l. The corresponding equation is: 
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FIGURE 1. A view of two-dimensional (2D) FIGURE 2. The calculated one-electron density of 
dispersion relations for hexagonal boron nitride. states for BN single-wall nanotubes of different 

geometry. 
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The constant values have been optimized to reach a minimal deviation 
from the dispersion along known directions [6]. The constant values obtained 
are: 



2o= 0.249 nm, 2.85 eV, £ = 4.3 eV 



( 2 ) 



The numerical differentiation should be performed for all allowed values 
of the wave vector within the first Brillouin zone. In case of single-wall 
nanotubes, the additional boundary conditions come into play. As a result, not 
all values of the wave vector K are allowed. Limitations appear because of 
rolling up the boron nitride plane into a cylinder with a diameter of about 10 
A; i.e., they are a consequence of the tube nanodimension. 

The allowed values of the wave vector are determined as follows [8]: we 
introduce a Cartesian coordinate system XY, which has the origin at the point 
K of the first Brillouin zone and is rotated clockwise with respect to the initial 
coordinate system (Fig. 1) through an angle three times as great as the 
nanotube chirality angle. The latter is expressed as: 



( 

a = arctan 

V 



K 

~6 



1 n — m^ 
Vs n + mj’ 



( 3 ) 



where n and m are the nanotube parameters determining the width of the 
graphite plane strip and the way it is rolled up to form the nanotube 
(according to the adopted classification [9]). 




FIGURE 3. The allowed values of the wave vector K for (a) (5,5) armchair nanotubes and (b) (9,0) zigzag 
nanotubes. The characteristic points of the Brillouin zone are denoted as K, M, K\ and M’. 



In the new coordinate system XY, the projection of the wave vector on the 
Y axis takes any values, while the projection on the X axis takes only the 
quantized values. 






( 4 ) 
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where Q is an integer and D is the nanotube diameter in nanometers. The 
diameter of the nanotube as a function of its parameters n and m is expressed 
as 



D = — ■ + n ■ m (5) 

K 

By performing the inverse transformation of coordinates from the rotated 
coordinate system to the system used in Eq. (1), we obtain all allowed values 
of the wave vector K. 

Using the formulas presented above, it is possible to perform the numerical 
differentiation of the dispersion relation with an allowance for the boundary 
conditions. 

For the practical realization of the problem, we developed a computer 
program [6] that provides the calculation of the density of states for any type 
of single-wall boron nitride nanotubes (the nanotube type should be preset 
before the calculation). The numerical differentiation was performed by the 
Monte Carlo method. Depending on the required accuracy of calculation, the 
execution time varied from 60 s to 1 h. The results of the calculation were 
entered into the Microcal Origin package. 

The examples of DOS calculated for BN nanotubes are shown in Fig. 2. 
For all nanotube geometries DOS demonstrates a big (more than 4 eV) first 
mirror gap (Ell). It means that there are no BN single-wall nanotubes with 
metallic properties. 

3. “KATAURA”-TYPE GRAPH 

The data calculated have been plotted on “Kataura”-type graph 
demonstrating a dependence of the gap energy value on a BN nanotube 
diameter. The DOS for all allowed single-wall carbon nanotubes with 
diameters ranging from 0.5 to 2 nanometers have been calculated. Then the 
energies of all Van-Hove singularities in DOS dependence have been 
obtained for all nanotubes. The results have been plotted on “Kataura”-type 
graph. The resulting plot is shown in Fig. 4. 
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FIGURE 4. “Kataura”-type plot for single-wall boron nitride nanotubes. 



Unfortunately “Kataura”-type plot for single-wall boron nitride nanotubes 
shows no dependence informative for investigation of electronic structure of 
nanotubes. This plot shows no strong correlation between the diameter and 
gap energy (contrary to the case of carbon nanotubes). It is obvious from this 
plot that there are no metallic BN nanotubes. All nanotubes have big energy 
gap. Also it is possible to note that energy less than 7.2 eV can’t be use for 
investigation of resonance optical effects in boron nitride nanotubes. It means 
that resonance behavior in Raman and absorption spectra may be observed 
under excitation energies much exceed the visible photon energies, being 
efficient for carbon nanotubes. 

4. CONCLUSIONS 

Modeling of the electron density of states has been performed for single- 
wall boron nitride nanotubes of all allowed geometries. The calculation was 
based on the use of the original computer program that performs numerical 
integration by Monte-Carlo method for two-dimensional dispersion relations 
for hexagonal boron nitride. The integration is performed for all allowed 
values of the wave vector using 7t-electron approximation. 

The data calculated have been plotted on “Kataura”-type graph 
demonstrating a dependence of the gap value on the BN nanotube diameter. 
This plot shows a very big gap value for nanotubes of all geometries. No 
metallic nanotubes have been revealed. It was shown that a possibility to 
observe the resonance effects in Raman and absorption spectra of BN 
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nanotubes exists only under excitation energies higher than 7 eV. It is difficult 

to find a source for such excitation. 
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Abstract: Structural stability of empty and endohedrally doped carbon 
nanocapsules have been investigated by performing molecular-dynamics 
computer simulations. Calculations have been realized by using an 
empirical many-body potential energy function for carbon. It has been 
found that empty carbon nanocapsules are relatively more stable with 
respect to endohedrally doped ones against heat treatment. 

Key words: carbon nanocapsules; molecular-dynamics; empirical 
potential. 

1. INTRODUCTION 

Nanotechnology is a highly active field today, not only due to the 
possibility of incredible improvement in the technology at hand, but also 
to the array of new technologies that may emerge. Carbon based nano 
structures constitute an important part in the area, because of their very 
unusual structural and electronic properties. 

Nano capsule structure is quite popular among the people working in 
the area, and a number of applications using its unusual properties are 
possible [1]. In fact, most of the reported nanotube structures in the 
literature have at least one closed cap. Two possible examples of 
applications may be given as a novel memory device [2], and controlled 
medicine delivery [3]. In general, one end of the capsule can be opened by 
exposure to carbon dioxide, and they can be doped by a variety of 
materials [4]. 

2. THE PEE AND THE MD SIMULATION 

The empirical many-body potential energy function (PEF) developed 
for carbon [5] is used in the calculations. This PEF describes the structural 
properties and energetics of carbon relatively accurately. The total 
interaction energy of a system of particles is taken to be the sum of total 
two-body and total three-body contributions [6] 

^ = ^ 2+^3 ( 1 ) 

Total two-body and three-body energies are expressed, respectively, as 
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here U-j and Wyj^ represent the two-body and three-body interactions, 
respectively. 
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(4) 
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( 6 ) 
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The parameters of the PEF for carbon are as follows [5]: A — 1393.6 eV , 
B ^346.74 eV, A, = 3.4879 , 712 = 2.2119 , 

= 1.5724x10 ", « = 0.72751, c = 38049, = 4.3484, 

= -0.57058, 7? = 1.95 i, and D = 0.15 i. 

The equations of motion of the particles are solved by considering the 
Verlet algorithm [7]. The canonical NVT ensemble molecular-dynamics 
[7] is used. The temperature scaling is taken into account at every MD 
step and the temperature of the system is kept constant at a given 
temperature. One time step is taken as 10~’^ s . The initial velocities of 
the particles are determined from the Maxwell distribution at the given 
temperature. 

3. RESULTS AND DISCUSSION 

There are six models considered in this work, the first capsule (NCI) is 
the empty Carbon nano capsule with armchair Carbon nano tube, C(5,5), 
capped at both ends by C hemispherical structure , the second capsule 
NC2 is same as NCI but doped with C 20 buckyball at the middle, the 
third capsule (NC3) is again the initial NCI capsule but doped with C 20 at 
one of the ends. The next three are prepared in same fashion as previous 
three capsules, that is NC4 is the empty one, NC5 is the one doped with 
C 20 at the middle, and NC6 is the one doped close to one of the ends, but 
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this time the tubular section of the capsule is formed from C(9,0) zigzag 
Carbon nano tube. The tubular sections of the capsules were generated 
using programs given in [8]. 

The simulations are carried out starting at low temperature (IK) and 
the temperature of the system is increased by a predetermined step (300 
K) up to the system considered collapses. Each system collapsed at a 
different temperature. At every temperature rise the system is relaxed for 
about 50000 time steps. This number of steps were enough to reach 
equilibrium at every temperature rise. The empty and doped nano capsule 
structures at various temperatures are displayed in Figure 1 . 

The simulation results for NCI are shown in Figure 1(a). NCI is 
considered to be collapsed at 5700 K, which is a significantly higher 
temperature when compared with that of an armchair carbon nanotube 
with no caps in a similar simulation ( 4400 K) [9]. This may be due to 
absence of loosely connected atoms at the ends due to caps, and the added 
stability due to increased average coordination number. One point of 
interest may be the structure of the tubular section becomes more elliptical 
at central region, with increasing temperature. This effect was also 
observed in open ended tubes[9]. 

The simulation results for NC2 are shown in Figure 1(b). There is an 
enlargement of the tubular section at the location of dopant. This 
enlargement rapidly decays away from the location. Although there were 
no explicit constraints, the dopant Cjg did not move inside the capsule 

through the course of the simulation. Flattening of the tubular section is 
again observable, in the area between the dopant and the caps. Capsule 
was considered to be collapsed at 2700 K, less than half the temperature 
initial structure persisted. Nano capsule collapsed at the position of the 
dopant, along with the dopant. 

The simulation results for NC3 are shown in Figure 1(c). In the case of 
NC3 the nano capsule persisted up to 3900 K. This capsule is 
considerably more stable than NC2, however it is less stable than NCI. 
Again, there is an enlargement in the tubular section at the position of 
dopant, but this time flattening effect is not clearly observable. The 
capsule was collapsed at the region of dopant, while the other end was 
virtually unaffected. Again dopant did not move through the capsule. 

The simulation results for NC4 are shown in Figure 1(d). The empty 
NC4 reaches up to 5100 K, a temperature which is considerably higher 
than that reported for its open-ended counterpart (4000 K) [9]. The 
flattening of the tubular section is again observable, but with the 
introduction of caps, the resulting geometry is not elliptical but somewhat 
triangular, that is there are three flattened regions instead of two. 

The simulation results for NC5 are shown in Figure 1(e). When the 
dopant is placed at the middle, there is an enlargement through all of the 
tubular section, so the enlargement at the position of the dopant is not as 
large as seen in NC2. However, the capsule collapses at only 1500 K, not 
even a third of the temperature NC4 structure collapsed. Collapse is rather 
violent, the capsule is bent at the middle, there are very loosely bonded 
atoms, and the dopant structure is shattered. The dopant again did not 
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move through the capsule, and the capsule was collapsed at the region of 
dopant. The flattening effect is also observable with the increasing 
temperature. 

The simulation results for NC6 are shown in Figure 1(f). When the 
dopant is introduced at the side, however, there is a dramatic increase in 
the temperature the capsule resists without collapsing, approximately 
4200 K. Although the collapse temperature is not as high as the NC4 
structure, it is nearly tripled when compared to NC5. The overall 
enlargement when the dopant was introduced at the middle is not present, 
but there is a significant but rapidly decaying enlargement at position of 
the dopant. Likewise, in NC3, the flattening effect is not clearly 
observable unlike the initial structure, N4. Capsule collapses at the tubular 
section near the dopant. 

As an overall conclusion we can state the following: The capsule 
structures are more stable than their open-ended counterparts under heat 
treatment. There is a decrease in diameter through the tubular section in 
the relaxed capsule structures, when compared with the ideal structures of 
open-ended carbon nanotubes, but there is flattening along the tubular 
section, away from the caps, in the empty capsules, as predicted by 
previous theoretical work [9]. Introduction of an endohedral dopant 
significantly lowers the temperature the structure may resist, and the 
capsules collapse at the region of dopant indicating a possible strain. The 
caps are more resistant to this possible strain, and when the dopant is 
placed close the caps structure becomes more stable thermally. The 
middle of the capsule is more prone to the thermal instability introduced 
by dopant. The C 20 dopant does not move through the tubular section of 

the capsule without external influence, possibly due to close diameters. 
The diameter of ideal C(5,5) tube is about 6.8 A, the diameter of ideal 
C(9,0) tube is about 7. 1 A, whereas the diameter of ideal C 20 ball is about 
4.0 A. When a dopant is introduced at one of the ends, the flattening 
effect in the tubular section is not clearly observable. 
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Figure 1: (a) Capsule NCI formed from C(5,5) carbon nanotube capped with C^q 
buckyball, shown at various temperatures. NCI collapses at about 5700 K. (b) Capsule 
NC2 formed from NCI encapsulating C 20 • C 20 is located at the middle of the capsule. 
NC2 collapses at about 2700 K. (c) Capsule NC3 formed from NCI encapsulating C 20 • 
C 20 is located at one end of the capsule. NC3 collapses at about 3900 K. (d) Capsule NC4 
formed from C(9,0) carbon nanotube capped with C buckyball, shown at various 
temperatures. NC4 collapses at about 5100 K. (e) Capsule NC5 formed from NC4 
encapsulating C 20 • C 20 is located at the middle of the capsule. NC5 collapses at about 
1500 K. (c) Capsule NC6 formed from NC4 encapsulating C 20 • C 20 is located at one end 
of the capsule. NC6 collapses at about 4200 K. 
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Abstract: We summarize recent studies on the structures, properties, 
methods of preparation and possible applications of carbon nanotube T-, Y- 
and X-junctions in which all carbon atoms remain sp^-coordinated 
throughout. We propose energetically efficient pathways for the process of 
junction formation in which all atoms maintain their sp^ arrangements 
throughout. 

Key Words: carbon nanotubes, Y-junction, electronic properties, CVD 
method, topological defects. 



1. INTRODUCTION 

The synthesis of carbon nanotubes (CNT) with branched structures is an 
important step in the development of carbon based nano-electronic devices, 
because these materials are potentially able to bring in new mechanical or 
electrical properties [1]. Recently CNT junctions have attracted much 
attention because of their unique transport properties [2]. It has stimulated 
many theoretical works [3-5]. Formation of three-terminal nanotube junctions 
by connecting different CNTs was first proposed in 1992 [6,7]. Such multi- 
terminal junctions have been first observed in 1995 [8] in arc discharge 
synthesized material. These junctions have been proposed as promising 
building blocks for nano-scale device applications [9]. But these earlier 
experimental observations did not attract much attention due mainly to the 
difficulties associated with their synthesis and the complexities of their 
structures. Nevertheless, experimentalists have recently succeeded in 
achieving controlled growth of Y-junctions [10-17]. In addition to previously 
reported Y-junctions, H-junctions and 3D CNT, webs have also been 
produced recently using a special CVD method [18] and X-shaped molecular 
connections by welding electron-beam irradiation of crossing single-wall 
nanotubes (SWNT) [19]. Recently, energetically efficient pathways for 
formation of such SWNT multi-terminal junctions have been proposed [20]. 
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Contrary to the CNT case, the study of transport properties of multi-terminal 
junctions received the most attention when compared with mechanical 
properties investigations. However, the mechanical properties of carbon 
nanotube multi-terminal junctions are expected to be even more intriguing 
than those of carbon nanotubes because of the variety in their forms and 
geometries. Using an empirical many body -potential, we have shown [21] that 
the deformation of Y-junction occurs under constant external load applied to 
branch ends of the junction and leads to a new metastable state of junction 
with parallel branches. 

Due to the complex structure, multi-terminal nanotube junctions exhibit a 
wider spectrum of transport properties in comparison with those of straight 
nanotubes. 

2. STRUCTURE 

Carbon SWNT’s constitute molecularly perfect materials with many 
interesting properties. The electronic structure of these nanotubes can be 
either metallic or semiconducting, depending on both the diameter and 
chirality, which can be uniquely determined by the chiral vector (n,m), where 
n and m are integers [1]. Thus a SWNT junction can be constructed from 
different nanotube sets. The resulting structure of multi-terminal junctions 
still contains three-fold coordination for all carbon atoms, and so it requires 
the presence of topological defects in the form of pentagons, heptagons, and 
octagons. This is essential for maintaining sp^ configuration for all carbon 
atoms in order to maximize stability. Note that the introduction of a pentagon 
transforms a hexagonal sheet into a convex shape. On the other hand, a 
heptagon (or octagon) makes a saddle shape [1]. Crespi [22] transformed 
Euler’s well-known formula by considering only nonhexagonal polygons on 
the surface of a closed polyhedron in terms of the faces, vertices, and edges. 
He proposed a consideration for the formation of complex multiple junctions 
in terms of local bond surplus at the junction - number of polygonal sides due 
to nonhexagonal polygons. For example, the presence of a pentagon in a 
hexagonal sheet contributes to a bond surplus of -1, while heptagons and 
octagons contribute to bond surpluses of +1 and +2 each, respectively. Thus a 
junction made of Ai nanotubes has a bond deficit of 6{N-2). For all 3-terminal 
junctions (such as Y- or T- junctions) this gives a bond surplus of +6, and for 
X-junctions this gives a bond surplus of +12, and so one. Crespi’s formula 
can be simply transformed into a modified equation for junction with N open 
nano tube ends: 



Nv +2Ng - Ns = 6(X-2), 



( 1 ) 



where Ns, N7, Ng are numbers of pentagons, heptagons and octagons. We 
have classified planar 3 -terminal junctions (Fig.l), which contain tube axes of 
both branches and stem in the same plane [23], i.e. the Y-, and T- SWNT 
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structures generally observed in experiments - (Fig.2). The latter can be 
constructed only from “a” - armchair (n,n) or “z” - zigzag (n,0) nanotubes. 
Thus these junctions are considered only with “a,aa”, “a,az”, “a,zz”, “z,zz”, 
“”z,za”, “z,aa” sets of nanotubes. The classification is based on the geometry 
of different junction forms [4, 24]. Figure 1 shows 3 possible groups of Y- 
junctions with an acute angle between branches. 




Fig.l Y-junctions with an acute angle: (a) symmetrical “z,zz” fork with (14,0)-stem and two (7,0)-branches 
(indexes S, L and R denote stem, left, and right branches); (b) nonsymmetrical “a,aa” fork with (10,10)- 
stem, and (5,5), (4,4) branches; (c) “z,zz” bough configuration with (17,0) -stem, (7,0) and (10,0)- 
branches. The heptagons and octagons are shown in dark. 



In Figs.l (a) and (b) six heptagons are situated in the bifurcation area 
forming acute angle junctions with the same (“a,aa” or “z,zz”) structure of 
nanotubes. The “Bough” must contain stem and main branch (stem 
continuation) with the same tube structure, but bough-branch may have 
another structure when one heptagon is situated in area of passage of stem 
into bough. The “slingshof’ group is shown at the Fig.2. 




Fig.2 Y-junctions with an obtuse angle: D 3 h (a) and C 3 h(b) symmetry “slingshots” with all (8,0) and (9,9) 
branches respectively of the Y junction; D 2 h(c) symmetrical slingshot with all (4,4)-branches. The 
heptagons and octagons are shown in dark. 



The T- junction consists of a stem perpendicularly connected with another 
nanotube (the same or another tube structure [6,8]). Other multi-terminal 
junctions (MTJ), for example, X- and perpendicular-crossed junctions 
containing different nano tube types of branches, can also be classified. 
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3. METHODS OF PREPARATION 

In order for the multi-terminal junctions (MTJ) to be useful from device 
perspective, controlled and macroscopic scale production of these junctions is 
required. Today there are several methods of CNT Y-junction synthesis that 
allow for the reproducible and high-yield fabrication [2,11-19]. We consider 
four main methods from them. The first method is the template-based 
chemical vapor deposition [2] when Y-junctions of multiwall nanotubes 
(MWNT) grow in nano-channel alumina templates. Y-junctions have been 
produced in aligned arrays (density ~10'° cm'^) with adjustable “stem” (~50 
nm) and ’’branch” (~35 nm) diameters and 6-10 pm total length (see Fig. 
3(a)). The authors have used cobalt particles as catalysts in the bottom of the 
channels during pyrolysis of acetylene at 650 °C. This allows the fabrications 
of CNT Y-junction with controlled length (~10 pm) and tube branches (15- 
100 nm) with an acute angle between them resembling “tuning forks” - 
Fig.3(a). However, this method requires the use of a special template. 

The second method is the pyrolysis of methane with N 2 over cobalt 
supported on special calcined magnesium oxide substrate. The growth 
normally lasted for 1 h after reducing Co catalysts at 1000 °C in flowing gases 
of H 2 (40 seem) with N 2 (100 seem) at a pressure of 200 torr, after replacing 
the N 2 with CH4 (10 seem). The Y junctions have very straight arms with 
uniform (~200nm) diameters, and the angles between the three arms are close 
to 120° - Fig. 3(b). Some CNTs branched several times to form multiple Y 
junctions, which still keep their arms straight. 

The third method is synthesis in addition to the previously reported V- 
junction, also //-junction and 3D web with CNT’s ~50nm in diameter (see 
Fig. 3(c)). The authors used Si substrate, which was first scratched, cleaned 
ultrasonically, and then placed in a horizontal tube of a thermal CVD furnace. 
A ceramic boat carrying iron powders as the catalyst source was positioned at 
a distance of 5 cm of upstream substrate. 




Fig.3 Carbon nanotube Y-junctions grown by CVD methods, (a) Y-junction CNT array as viewed from 
the large diameter stem side (scanning electron micrograph - left); acute angle “fork” junction with stem 
100 nm and branched ~~50 nm in diameter removed from the template (transmission electron micrograph - 
right) [2]. (b) Y-junction with uniform 200 nm diameter arms, and the angles between them close to 120° 
[16]; (c) 3D five-terminal junction of CNT’s ~50nm in diameter [18]. 
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Very recently Terrenes et al. [19] have obtained stable SWNT junctions of 
various geometries (see, for example, electronic micrographs in insets of Fig. 
4, 6) by an electron beam welding after a few minutes of irradiating at 
specimen temperatures of 800°C. The nanotube behavior was monitored 
under usual imaging conditions in a transmission electron microscope: 1.25 
MeV electron energy beam with intensity of ~ 1 0 A/cm^. The junctions were 
created via vacancies and interstitial defects, induced by the focused electron 
beam, that promote the formation of intertube links. The authors have 
supposed that electron beam exposure at high temperatures induces structural 
defects, which promote the joining of SWNTs via cross-linking of dangling 
bonds. They have modeled this process by molecular dynamics simulations, 
but did not describe energetic process of transformation of separate tubes into 
their junction. 

4. ENERGETICALLY EFFICIENT PATHWAYS OF MTJ 
FORMATION FROM SWNT’S 

Different growth mechanisms are responsible for multi-terminal junction 
formation in synthesis methods described above. For example in work [24] 
multi-terminal junction growth during CVD synthesis was explained in terms 
of interaction of nanotube surface with catalyst particle. 

Flere we consider the energetically efficient process of MTJ under 
electron beam welding of SWNT’s [19]. Using tight-binding as well as 
classical molecular dynamics [25] we simulate the formation of single-wall 
carbon nanotube T-, Y- and X-junctions via the fusing of two nanotubes. We 
propose energetically efficient pathways for this process in which all atoms 
maintain their sp^ arrangements throughout. Recent experimental advances 
have greatly increased the plausibility of synthesizing multi-terminal 
junctions as proposed in the simulations. At first, we consider different steps 
leading to the formation of the (5, 5)-(10, 0)-(5, 5) T-junction. The 8-step 
process in which .^^coordination is maintained throughout for all the atoms in 
the junction region is shown in Fig. 4. An armchair (5,5) nanotube wall 
contains defects (shown in dark) which could arise due to localized e-beam or 
ion-beam irradiation-induced localized heating/welding at the location of the 
junction point [19]. In the first step, the capped end of the (10,0) nanotube is 
near the defected region of the (5,5) nanotube. In the second step, the inter- 
nanotube connectivity is through 4 bonds forming the sides of 4 octagons. 
This structure also contains defect rings in the form of 4 pentagons and 2 
heptagons. In step three, two of the octagons are annihilated, and, 
additionally, the tructure contains 4 pentagons and 6 heptagons in the junction 
region. In step four, the rearrangement of atoms causes the neck to widen. The 
defects are identical to step three, but their positioning is different. The 
subsequent arrangements of defects as we proceed toward the final structure 
are: 6 pentagons and 12 heptagons (step five); 4 pentagons, 6 heptagons and 2 
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octagons (step six); and 2 pentagons and 8 heptagons (step seven). The final 
structure (step eight) contains 7 heptagons and no pentagons. 




2 nm 



Fig. 4. Steps of an energetically efficient pathway for coalescence of the (10,0) tube with the (5, 5) tube: 
(5,5) -(10, 0)-(5, 5) T-junction formation. The defect rings are shown in dark and include 5-, 7- and 8-fold 
rings. Inset - HREM image of T-junction obtained be electron beam welding [19]. The shape of junction 
obtained experimentally is similar to the junction shape in the proposed pathway. 



All structures are fully relaxed at each step and the total energy is 
calculated using the GTBMD scheme [25]. As seen in the Figure 5, an 
increase in energy (indicating a barrier to the process in steps 1-3) is followed 
by a drop in energy (in steps 3-8) without any significant barrier. Once the 
initial barrier is overcome, the formation of the junction in steps 3-8 can be 
driven by the lowering of energy. 

The formation pathway for X-junctions by bringing one (6, 6) armchair tube 
near another (6, 6) tube has been studied. Since the number of atoms involved 
is rather large, we perform relaxations using Brenner’s three-body reactive 
potential [26], and the GTBMD scheme is used only to check the stability of 
the final structure. Here, the first step does not require any a priori existence 
of defects on the sidewalls of the nanotubes. The five-step process leading to 
the formation of a four-terminal X-junction is shown in Fig. 6. The final 
structure obtained in step five contains topological defects in the form of 12 
heptagons only according to equation (1). This structure was also found to be 
stable under GTBMD relaxation. During the considered process of MTJ 
formation no structural defects are generated and the transformation is 
achieved through creation/annihilation of topological defects. 







F ig.6. Pathway steps for coalescence of two crossed (6, 6) nanotubes leading to the formation 
of an X-junction. The defect 7-, 8- and 9-fold rings are shown in dark. Inset - HREM image of 
similar junction obtained be electron beam welding [19]. 



5. PROPERTIES 



The properties of carbon nanotube MTJs are at the beginning of 
investigations. So far the conductance measurements on template prepared Y- 
“fork” junctions have shown intrinsic nonlinear and asymmetric 7-F behavior 
at room temperature [2]. Theoretical calculations have supported these 
experimental findings [3, 4]. Recently, the quantum conductances of T- and 
“bough” type Y-junction have been computed using a Green’s function 
embedding scheme [27,20], The Green function was constructed using the 
same Hamiltonian as used for obtaining structural GTBMD relaxations. Fig.7 
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shows I-V characteristics obtained for these Y-junctions. The left (L), right 
(R) and stem (S) branches of the T and Y-junctions are shown in the insets. 
The current direction is taken to be positive when flowing towards the 
junction region and negative otherwise. First we used a set-up in which both 
the left and right branches are grounded and the stem is biased at the bias 
voltage Vb, i.e. 



VL = VR = 0;Vs = Vb. (2) 

A similar set-up has been used earlier by us to study the transport properties 
of Y-junctions with different radii and chiralities [4]. In Fig. 7(a) the current F 
in the stem as a function of the bias voltage Vs was calculated also for 
different values of the gate voltage VL=Vg (Vr = 0) for the case of 
symmetrical T-junction. Asymmetry in the I-V behavior with current 
saturation for all positive Y values is clearly indicated. The main effect of the 
variation in V is the modulation of the current. As seen in Fig. 7(b), there is 
asymmetry in the I-V characteristic and no rectification for “bough” type Y- 
junction . This is consistent with our finding reported earlier- that no 
rectification at all is possible for asymmetric Y-junctions [4]. 




(a) (b) 

Fig. 7. The junction I-V characteristics for different bias voltages applied at the stem: (a) T- 
junction with (10,0) stem tube and (9,0) crossbar [26]; (b) bough Y-junction with main (6,6) 
stem in which (6,6) bough-tube is attached [20]. 

Unusual MTJ mechanical properties should be connected with their 
geometric forms. Here we demonstrate one of them [21]. Let’s consider Y- 
‘fork" junction with (20,20) tube stem and the angle between (13,13) tube 
branches of 23° under external load - Fig. 8(a). We have shown by molecular 
dynamics (with Brenner potential [26]) simulation that the deformation of Y- 
junction form occurs under constant external load and at the end of the 
deformation process the branches of junction are parallel with the distance 






233 



between them corresponded to the interlayer distance in graphite (Fig. 8(b)). 
External load was simulated by placing the Y-junction between two graphite 
planes moving toward each other during simulation. The new state is stable up 
to temperature 2000K. The transition between two states has been 
investigated. 

I 




(a) (b) 



Fig. 8. (a) Y-junction of (20,20) tube-stem and (13,13) tubes-branches (arrays show the force 
action on the “fork”; the heptagons are shown in dark); (b) “fork” with stick together branches 
is in metastable state after unloading. 




Fig. 9. Behavior of Y-junction of tune fork type with long (~21 nm) branches after unloading in 
intermediate action time: (a) distance between branches of 2.5 nm, it can be seen that branches 
overlap area is only about 25% of branches length; (b) distance between branches of 1.4 nm, 
the van der Waals overlap area is more than a half of branch length. Arrows show the direction 
of branch movement during MD simulation. 

We have observed that if the angle between branches exceeds some critical 
value van der Waals interaction between them acts like a zipper-mechanism 
forcing branches to stick together - Fig.9(b). So within the empirical many- 
body potential scheme it was shown that Y-junction with acute angle between 
branches has at least two local energy minimums. 

6. CONCLUSION 

Modelling of new multi-terminal junctions, their forming mechanisms, 
interpretation of the experimental data on Y-junction transport properties and 
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prediction new MTJ properties open new areas of carbon nanotube structure 
investigation. MT carbon nanotube junctions can be used as new elements of 
nanomechanical systems and NEM: springs, vibrators (0.01-1 THz 
frequencies), mixer elements, memory elements, nanoactuators; 
nanoelectronic devices: rectifiers, switches, antennas & so on; as nanosensors 
(gas chemical and molecular adsorption on heptagons or/and octagons in the 
connector center area should change I-V characteristic). They will be used in 
nanocomposites for reinforcement material (for example, by implantation of 
carbon “sea-urchins” with different number of CNT needles in polymer). 
Recent experimental advances in electron beam welding techniques [19] and 
new MTJ synthesis methods [18] have greatly increased the plausibility of 
synthesizing the junctions of different forms. 
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Abstract: In this work we have examined the possible formation of a 
junction between two identical C(10,0) carbon nanotubes. One of the 
tubes was rotated 90 degrees with respect to the other. Simulation have 
been performed by means of a molecular-dynamics technique at IK. For 
this purpose, we have introduced two stiff layers of graphite positioned 
above and below the nanotubes. By moving these layers we have created 
an effective force pushing the tubes closer to each other. In this simulation 
we have used a semi-empirical many-body potential for carbon. 

Key words: carbon nanotubes; molecular-dynamics, empirical potential; 
nanojunction. 

1. INTRODUCTION 

Since lijima’s 1991 dated discovery of carbon nanotubes [1], many 
potential applications have been developed. Many of these applications, 
such as fluidic and electronic devices, require a junction between 
nanotubes, and there is still much work to be done in order to find an 
effective way to create such junctions. Our aim in this work is to 
investigate the possibility of formation of a junction under pressure. For 
this, the system was considered to be at 1 K through the simulation. 

The system consisted of two identical C(10,0) nanotubes, rotated 90 
degrees with respect to each other (Figure lb) so that their axis reside on x 
and y directions. The separation in the z axis between the tubes at the 
beginning of the simulation was larger than the cutoff distance of the 
potential used , thus all the atoms in each nanotube was outside the 
effective influence range of the other. 

Then, two stiff graphene layers were introduced above and below the 
two-tube system (Figure la). These layers were large enough so that the 
nanotubes cannot escape from the sides, and the entire tube is under the 
influence of the particular graphene layer. The purpose of these layers was 
to create an effective pressure without directly interfering with the tube 
atoms. Periodical boundary conditions were applied to the system 
considered. 

In the course of the simulation, the stiff layers of graphite was moved 
towards each other in the z axis, followed by a relaxation run. This 
process continued until the nanotubes mended. 
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2. THE PEE AND THE MD SIMULATION 



The empirical many-body potential energy function (PEF) developed 
for carbon is used in the calculations [2] . This PEF describes the structural 
properties and energetics of carbon that is relatively accurate. The total 
interaction energy of a system of particles is taken to be the sum of total 
two-body and total three-body contributions: 

0 = (1) 

Total two-body and three-body energies are expressed, respectively, as 
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The parameters of the PEF for carbon are as follows: ^ = 1393.6 eT, 
S = 346.74 eT, 71, = 3.4879 , 712 =2.2119 

= 1.5724x10 ^, « = 0.72751, c = 38049, J = 4.3484, 

= -0.57058, 7? = 1.95 i, and D = 0.15 i. 

The equations of motion of the particles are solved by considering the 
Verlet algorithm. The canonical NVT ensemble molecular-dynamics is 
used. The temperature scaling is taken into account at every MD step and 
the temperature of the system is kept constant at a given temperature. One 
time step is taken as 10 s . The initial velocities of the particles are 
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determined from the Maxwell distribution at the given temperature. 

3. RESULTS AND DISCUSSION 

Nanotubes and corresponding graphene layers were considered to be of 
infinite length, so that the deformation of the nanotubes at the ends, and 
various stmctural instabilities due to discontinuity are removed. In order 
to simulate infinite length, periodic boundary conditions in the x and y 
directions were introduced. One side effect of this was that the system 
became a grid of carbon nanotubes instead of isolated two. In order to 
compansate this, the length of the simulated region was chosen to be large 
enough so that the area where possible formation of a junction is expected 
is not effected by "ghost" atoms due to periodic boundary conditions. 

Systematical relocation of the graphite layers each by 0.25 A towards 
each other and the relaxation of the system for 30000 time steps at 1 K for 
every relocation showed that, the tubes indeed moved closer but also, 
rotated in their longitudinal axes. 

Since the graphite atoms were stiff (i.e., they are involved in potential 
calculations but do not move), the graphene layer was not deformed. This 
may also be the case in the presence of a strong macroscopic graphitic 
crystal. 

At the end of the simulation, it has been observed that the two tubes 
successfully merged with each other (Figure 2). Although the shape of the 
carbon nanotubes are greatly distorted, it is known that carbon nanotubes 
can withstand an enormous amount of structural deformation that can be 
reversed. Simulations are still been carried out if the resulting structure 
resumes tubular form when the layers are eventually removed. 

The effect of temperature may also be interesting. Increased 
temperature may result in mending before the nanotubes become this 
much distorted, increasing the chance of resuming tubular form after the 
formation. 

Using two different tubes with different electrical properties may yield 
a transistor-like component whereas a weaving of such cross-nanotubes 
may form a net-like system. Simulations of both of these aspects are in 
progress. Since this process is easier to conduct with respect to other 
processes like arc melding [3,4], it may be more convenient in 
engineering applications. 
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Abstract: The structural stability of carbon nanotori have been 
investigated by performing molecular— dynamics simulations. The 
systems considered are Cno, C 360 , C 520 , and C 750 tori, which have been 
constructed using an algorithm developed in our laboratory based on 
Fonseca's idea. Calculations have been realized by using an empirical 
many -body potential energy function for carbon. 
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1. INTRODUCTION 

The discovery of fiillerenes [1] and carbon nanotubes [2] opened a new 
era in nanoscience. Much attention has been given to nanotubes and 
fullerenes. However, only a relatively small number of studies on the 
carbon nanotoroidal cage structures exist. Various methods have been 
suggested to model toroidal structures [3-7]. A molecule in the shape of a 
torus is expected to have special chemical and physical properties due to 
its multi-connectivity and its negative curvature regions [8,9]. In this 
work, we examine the structural stabilities of some nanotori formed using 
the method of Fonseca et al. [5]. 

Fonseca— type nanotori consist of nanotubes, joined by 'knee regions'. 
Curvature of the knee regions are given by pentagon-heptagon pairs. The 
heptagons give negative curvature and the pentagons positive curvature. 
Thus at the knee regions stress is reduced. The tori constructed have 5- 
fold symmetry and are composed of armchair and zigzag type nanotubes. 
An algorithm to generate Fonseca-type tori is explained in [10]. 

2. THE PEE AND THE MD SIMULATION 

The empirical many-body potential energy function (PEF) developed 
for carbon [12] is used in the calculations. This PEF describes the 
structural properties and energetics of carbon relatively accurate. The total 
interaction energy of a system of particles is taken to be the sum of total 
two-body and total three-body contributions: 

0 = (1) 
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Total two-body and three-body energies are expressed, respectively, as 
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The parameters of the PEF for carbon are as follows: A=1393.6 eV, 
B=346.74 eV, i^i=3.4879 A'*, ?i2=2.2119 A'*, P=1.5724xl0-", n=0.72751, 
c=38049, d=4.3484, h=-0.57058, R=1.95 A, and D=0.15 A. 

The equations of motion of the particles are solved by considering the 
Verlet algorithm. The canonical NVT ensemble molecular-dynamics is 
used. The temperature scaling is taken into account at every MD step and 
the temperature of the system is kept constant at a given temperature. One 
time step is taken as lO '® s. The initial velocities of the particles are 
determined from the Maxwell distribution at the given temperature. The 
simulations are carried out starting at 1 K and the temperature is increased 
with steps of 100 K up to the temperature the system deforms. At every 
temperature rise the system is relaxed for about 50000 time steps. 

3. RESULTS AND DISCUSSION 

Four different toroidal structures have been considered in this study; 
Ci7o, C360, C520 and Ctso- The deformation temperatures of Cno, C360, C520, 
and C750 are found to be 3700 K, 4500 K, 4200 K and 4100 K 
respectively. Deformation of Cno is shown in Figure 1. The stability of 
the toroidal structures against heat treatment show a complex dependence 
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on geometrical parameters. Each toroid deformed at a different 
temperature. Deformation on Cno, C 520 and C 750 toroidal structures started 
at a knee-region, however deformation on C 360 started between two knee- 
regions. 

In a similar work, thermal stability of nanotori with different geometry 
(different locations of pentagons and heptagons) but similar size have 
been investigated [12]. In that work, C 120 nanotorus has deformed at 
about 4600 K with a little bit of distortion in the structure before 
deformation temperature. Two different isomers of C 240 , had deformation 
temperatures of 4100 K and 5400 K. It may be argued that smooth 
geometry of these nanotori have increased the thermal stability 
considerably, since strain due to curvature is distributed along the whole 
structure, and not concentrated at the knee-regions like in the present case. 

Thermal stability investigations on other carbon nanostructures such as 
nanotubes and fiillerenes, showed that the deformation temperature varies 
depending on the size and the geometry of the nanostructures. 
Deformation temperature of nanotori considered are comparable with 
carbon nanotubes and nanorods of similar cross section radius. 
Deformation temperature of nanotubes, nanorods, and fullerenes change 
in the range 1500-7600 K [12-17]. Molecular-dynamics simulations show 
that nano tubes expand as they are heated [14]. This observation finds 
confirmation from experiment [18]. As a conclusion, in an isolated 
environment these structures seem to be quite stable. 
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Figure 1. Carbon 170: Relaxed structure (a) at 1 K, (b) at 3600 K and (c) at 3700 K in 
which the structure considered deforms. 
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1. INTRODUCTION 

Interest in potential biomedical applications of nanomaterials and 
nano structured materials arises from the perception that they are able to 
interact with individual biomolecules, cells and their individual parts and 
other biological structures of similar size in the micrometre and nanometre 
range. They may also have properties different from micro- and macro- 
objects. Recently nanofibres (NF) were mentioned as a connection 
between the nanoscale world and the macroscale world, because at least in 
theory, having diameter of a fraction of a micron, nanofibres may be 
infinitely long [1]. Production of nanofibres by electrospinning has been 
extensively studied recently and a variety of porous NF made by different 
modifications of this method has been described. They include 
polylactide (PL), poly-glycolide (PG), polyethylene terephthalate, 
polyacrylonitrile, polyvinyl-carbazole, polycarbonate, polystyrene/ 
polymethylmethacrylate, PL/PEO, PL/polyvinylpyrrolidone and 
PL/(polyethylene oxide), [2]. Co-electro-spinning of colloidal particles 
such as hydroxyapatite with polymer solutions results in the production of 
NF with incorporated nanoparticles. Carbon nanotubes were co- 
electrospun with PEG and nanocomposite fibrils with very high 
mechanical strength were obtained [3]. Similarly, if polymer NF are 
produced from a drug containing solution, controlled drug release systems 
can be obtained [4]. Nanofibres of biodegradable polymers such as PL 
and PG are of particular interest for tissue engineering scaffolds, as they 
will completely dissolve after implantation thus leaving no foreign 
material in the body [5]. Using electrospinning technique, collagen fibres 
of 100 nm in diameter have been produced, which is similar to the size of 
natural collagen fibres [6]. The electrospun collagen NF were shown to 
promote cell growth and penetration into the engineered tissue scaffold. 

Currently the main problem with a large scale production of nanofibres 
is an extremely slow rate of the electrospinning process. Non Woven 
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Technologies, Inc. Georgia, USA, has developed a thin-plate die 
technology that the company claims to have created a route to the cost 
effective production of NF using an alternative and more conventional 
meltblown technology [7]. A few other companies reported recently 
about achieving a large scale NF production using a modified 
electrospinning process. STAR Inc., NY, claim that they can produce 
electrospun nanofibres in bulk quantities and the mesh made from these 
NF could be used as a biodegradable anti-adhesion biomaterial preventing 
scar tissue formation during post-operative wound healing [8]. So far, the 
material has proven effective at reducing tissue adhesions in animal trials 
and the Phase III clinical trials (on humans) are being planned. The 
company also plans to use their nanomesh for dmg delivery. 
eSpinTechnologies, founded in Chattanooga, TN are also commercialising 
nanofibres made of organic and biological polymers for use in biomedical 
devices and filtration systems [9]. Donaldson Co., Inc., Minneapolis, MN 
has patented its EON Nanofibers made with an electrospun process [10]. 
The most obvious and logical biomedical application of NF seems to be 
for filtration of biological media in order to remove pathogenic substances 
and micro-organisms. By producing filters from nanofibres it is possible 
to achieve high surface area with controlled pore size, and in this case NF 
have a strong advantage over microfibres. Filters made using microfibres 
have much smaller surface area - a few square metres per gram vs a few 
hundred square metres per gram in nanofibre-made filters. Nanofibrous 
filters may become an efficient means for water purification and thus 
could be used against bio-terrorism. Recently reported filters made from 
alumina NF by Argonide, Sanford, FL are capable of removing heavy 
metals, vimses and bacteria from water and protein separation [11]. 
These alumina whiskers produced by have an average diameter of 2 nm 
and surface area of 500-650 mVg. Alumina nanofibre-based filters are a 
result of successful collaboration between the American business, Los 
Alamos National Laboratories and Russian scientists from Special Design 
and Technology Centre, Tomsk, and Vector Virological Institute, 
Novosibirsk. 

An interesting example of man-made self-assemblying peptide NF was 
reported in [12]. The authors synthesised and studied peptide-amphiphile 
molecules, which reversibly self-assembled into nanofibrous networks 
resulting in the formation of aqueous gels. These stmctures could be 
further reversibly polymerised to enhance their stability. 

Electrospun polymer NF were used as a template for producing 
nanotubes by coating nanofibres with another material and then removing 
the polymer core [13]. Using this approach, aluminium and titanium 
dioxide hollow fibres were produced [14]. 

Nanomaterials and nanofibres in particular are not a recent invention of 
a human genius, as they are widespread in living nature. Such different 
materials as wood, silk, hair, connective tissue, bones, skin and blood 
vessels - to name just a few - are all formed by some regular and 
repetitive arrangement of NF, usually made up by proteins or 
polysaccharides. The molecule of DNA itself is an example of a 
nanofibre, about 2 nm in diameter and hundreds of nanometres long. A 
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striking example of a nanostructured material used by nature is blue 
feathers, such as those of the bluebird. There is no blue pigment in the 
feather and its colour is due to its sophisticated nanostructure. Colour 
production in bluebird is caused by coherent light scattering owing to a 
nanostmctural arrangement of keratin and air bubbles in the feather barbs 
[15,16]. One of the most studied systems containing natural nanofibres is 
that of fibrin(ogen) polymerisation followed by blood clot formation. It is 
an example of a self-assembling macro-molecular structure and it is the 
result of the final stages of the blood coagulation cascade. The clot 
assembly consists of several distinctive steps, which influence the rate of 
fibrin fibres assembly and the spatial arrangement of fibres in the final 
clot. The first step is the proteolytic cleavage of plasma protein 
fibrinogen (factor I in the blood coagulation system) by the enzyme 
thrombin. Thrombin cleaves low molecular peptide fragments known as 
fibrinopeptide A and fibrinopeptide B from the fibrinogen molecule. This 
leads to the formation of monomeric fibrin, which has exposed binding 
sites and immediately forms dimers and small oligomers. Oligomers 
grow to yield protofibrils [17]. After reaching the critical mass the 
protofibrils form fibrils and finally form a clot network [18]. In vivo 
fibrin monomers spontaneously form a solid polymer (fibrin clot), which 
is covalently cross-linked by the blood plasma enzyme trans-glutaminase 
into insoluble polymer. However, in vitro fibrin polymer could be 
polymerised reversibly and re-polymerised with a predictable structure. It 
is possible to form a fibrin network with a wide spectmm of fibre 
thickness, branching and finally a polymer with different porosity and 
pore size distribution. Several factors appear to play an important role in 
determining the final fibre diameter and network structure, such as ionic 
strength, pH, fibrinogen/thrombin ratio or the presence of other plasma 
proteins [19,20]. Fibrin self-assemblying occurs mainly via non-covalent 
intermolecular A-a and B-|3 binding between the complementary 
polymerisation sites localised in the central E-domains and peripheral D- 
domains of fibrin. The physicochemical nature of the noncovalent 
binding depends on the electrostatic interactions and hydrogen bonding 
between amino acid residues in the course of fibrin self-assembly. The 
significance of the electrostatic interactions became clear from 
observations of the of ionic strength effect on the polymerisation rate [21]. 
E.Mihalyi [22] suggested hydrogen bonding as the main mechanism of 
non-covalent binding for fibrin polymerisation. Later on it was shown 
that beside electro-static and hydrogen bonding, hydrophobic interactions 
also participate in fibrin polymerisation [23]. The study of fibrin network 
stmcture is of great academic and clinical interest. On the one hand, it is 
particularly relevant to such common diseases and conditions as bleeding, 
thrombosis, arterio-sclerosis and wound healing and on the other hand 
fibrin networks have a potential for use as a dmg carrier, tissue scaffold or 
wound sealant. In this work an investigation of fibrin clot structure has 
been carried out using scanning and transmission electron microscopy. 

Activated carbon fibres (ACE) is another interesting example of 
nanostmctured fibrous materials that have high potential for medical 
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applications. Although the fibre diameter is in the micrometre range, ACF 
have large internal surface area due to the presence of micro- (pore width 
<2 nm), meso- (2-50 nm) and macropores (>50 nm). This classification is 
based on the difference in mechanism of gas adsorption according to the 
lUPAC recommendations [24]. All three types of pores contribute to the 
nanostructure of ACF and should be regarded as nanopores as they have at 
least one dimension at nanometre scale. Granulated activated carbon 
(GAC) adsorbents have been used in extracorporeal blood purification 
(haemoperfusion) since 1970s [25]. Preliminary results of the comparative 
study of ACF vs. GAC in several potential medical applications are 
presented and discussed in this paper. 

2. MATERIALS AND METHODS 

All reagents and solvents were used as purchased without further 
purification. 

2.1. Preparation of Fibrin Monomer and Fibrin Films 

Fibrin monomer (F-1) solution was prepared from aseptically collected 
fresh blood containing trisodium citrate. Fibrin monomer concentration 
determined by turbidimetry was 22.5 mg/cm^ The pH of F-1 solution was 

4.4. 2% agarose gel was prepared using a mixture of 0.2M acetate/0/75M 
bicarbonate buffer (7:1 w/w) with pH 7.3. The agarose gel was used as 
hydrophilic surface. Polyethylene (Goodfellow, UK) was used as a 
hydrophobic surface. Fibrin films were prepared by spraying F-1 solution 
onto a surface from the distance of 5 cm. The samples were then 
incubated at ambient temperature for 30 min. in a humid chamber prior to 
fixation for electron microscopy studies. Afterwards the samples were 
fixed in 2% (v/v) glutaraldehyde solution in O.IM cacodilate buffer, pH 

7.4, followed by treatment with 1% (w/v) osmium tetroxide solution in 
0.05M cacodilate buffer, pH 7.4. After fixation the samples were treated 
with aqueous 2% (w/v) tannic acid for 1 h and then the samples were 
dehydrated by sequential treatment with a series of water-acetone 
mixtures with increasing concentration of acetone (30, 50, 70, 90 and 
100%, volume/volume). Finally, the samples were cut into two pieces. 
One piece was freeze-dried and sputter-coated with gold [26] and 
examined with a Scanning Electron Microscope, SEM (JEOL JCM-840, 
Japan). The other piece was embedded in epoxy resin (Araldite-Epon) at 
60 C for 48 hours and 50-100 nm sections were cut with Ultratom LKB- 
V, Sweden. The sections were further coated with carbon by glow 
discharge procedure and negatively contrasted with 1% (w/v) uranyl 
acetate for 1 h followed by a 2 -min treatment with a lead-containing 
solution (Reynolds) at ambient temperature [27]. These samples were 
examined with a Transmission Electron Microscope, TEM (Hitachi H- 
600, Japan). 
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2.2. Activated Carbons 

Activated carbon fibres were produced from hydrated cellulose fibres 
using carbonisation and steam activation. Properties of ACF are given in 
Table 1. Pore size distribution in ACF was obtained from nitrogen 
adsorption isotherm at 77 K (Table 2). Activated carbon SCN commonly 
used in haemoperfusion was produced by pyrolysis of poly(4-vinyl- 
pyridine) cross-linked with di-vinyl-benzene followed by steam 
activation. As it is widely used in haemoperfusion, SCN has been chosen 
as a reference material to compare with ACF. Powdered activated carbon 
Norit A Supra was used as received (Table 1). 



Table 1. Characteristics of activated carbons. 



Activated 


Particle shape 


Particle size, 


Bulk density 


Total pore volume 


carbon 




|im 


y, g/cm^ 


Vs, cm^/g* 


ACF 


Fibres 


(7.0-9.0) (D) X 50 (L) 


0.07-0.09 


0.80-1.50 


SCN 


Spherical beads 


300-1000 


0.19-0.41 


0.85-2.15 


Norit A Supra 


Irregular particles 


10x25 


0.30 


0.81 



Vs was estimated from benzene vapour adsorption. 



2.3. Adsorption Experiments 

Unconjugated bilirubin adsorption was studied from 0.18 mg/mL 
solution of bilirubin in 3.0% human serum albumin (HSA) in single-pass 
column experiments at flow rate of 2.5 ml/min for 4 hours at room 
temperature (RT). Column volume was 20 cm^. Unconjugated bilirubin 
content was determined by Jendrassik-Grof method using diagnostic kit 
605-C (Sigma, USA) [28]. 

Creatinine and vitamin B n adsorption were studied in batch 
experiments from 0.3 g/L and 1.0 g/L solution, respectively, with 
adsorbent/adsorbate ratio (w/v) 1 :200 g/mL, for 1 hour at RT. Creatinine 
and vitamin content were determined with UV-Vis spectrophotometry. 

Adsorption of bacterial endotoxin (BET) was carried out in batch from 
10 mL of PBS (pFl 7.2) containing 0.05 g/L of E. coli 055:B5 lipopoly- 
saccharide (L4005, Sigma, USA) for 60 min. BET concentration was 
measured by spectrophotometric determination of 3-deoxysugars [29]. 



Table 2. Pore surface area S (m^/g) and total pore volume Vs (cm7g) of carbon 
samples and their bilirubin adsorption capacity (mg/g of carbon) 



Sample 


Smicro 


Smeso 


Smacro 


Stotal 


Vs 


Bilirubin adsorption 


ACFl 


610 


620 


14 


1250 


0.80 


9.4 


ACF2 


820 


670 


14 


1505 


1.10 


20.5 


ACF3 


1250 


670 


15 


1930 


1.50 


50.1 


SCNl 


n.d.* 


n.d. 


n.d. 


900 


0.85 


3.2 


SCN2 


n.d. 


n.d. 


n.d. 


1200 


1.20 


4.8 


SCN3 


n.d. 


n.d. 


n.d. 


1320 


2.15 


18.0 



* not determined. 
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2.4. Experiments with Biospecific Adsorbents 

Native double-strained (ds) DNA from calf thymus (Sigma, USA) was 
immobilised by physical adsorption on activated carbons Norit A Supra 
and ACF2 (DNA-Norit and DNA-ACF adsorbents, respectively) as in 
[30]. Single-strained (ss) DNA was obtained by thermal denaturaton of 
ds-DNA. Efficiency of DNA-immobilised adsorbents was studied in 
single-pass column experiments by perfusion of blood plasma of patients 
with systemic lupus erythematosus (SEE) through 2.5 cm^ microcolumn at 
flow rate of 0.2 mL/min for Ih at RT. Anti-DNA antibodies 
concentrations were measured using ELISA. 

Inactivated Staphylococcus Aureus Cowan (SAC) cells were 
immobilised by physical adsorption on ACF3 (SAC-ACF adsorbent). 
SAC suspension was inactivated by incubation in 0.5 % formaldehyde for 
3 h at RT, washed 5 times in PBS (pH 7.4) and finally heat treated at 80° 
C for 10 min. 

Plasma immunoadsorption (lA) was performed in 13 mongrel dogs 
with histologically confirmed malignant mammary tumours of third and 
fourth stages. Plasma was perfused through a 100-cm^ column packed 
with 1 5 g of a SAC-ACF or uncoated ACF adsorbent at flow rate of 20 
mL/min for 30-80 min. Anti-tumour effect of lA was estimated by tumour 
regression and ulcer healing [31]. IgG content was determined by rocket 
immunoelectrophoresis. Circulating immune complexes (CIC) were 
determined in plasma by precipitation with polyethylene glycol [32]. 

BET-ACF adsorbents were prepared by shaking carbon fibres and 
saline solution of E. coli 055:B5 for 3 h at RT. The mixture was 
centrifuged at 50g and the supernatant was analysed for BET 
concentration. Carbon fibres were washed three times with saline solution 
and packed in 2-cm^ columns (0.27 g fibres per column). 

Guerin carcinoma was induced in rats by hypodermic inoculation with 
25% suspension of viable tumour cells (2 mL/kg). The animals were used 
to estimate the anti-tumour effect of direct haemoperfusion (DHP) 
through the column packed with BET-ACF adsorbent (n=8 animals) and 
with ACF (n=7) as well as of intravenous injection of 0.75 mg BET per kg 
of body weight (n=8). The control group of rats (n=9) were intravenously 
injected with saline solution. The rats were treated 24 h after operation on 
the primary tumour on the 6th day after inoculation of tumour cells. 

2.5. Bactericidal Properties of ACF 

ACF impregnated with metallic copper (ACF-Cu), 2. 5-3. 5% w/w, was 
obtained by magnetron sputtering in low temperature argon plasma [33]. 
To evaluate bactericidal properties of ACFs, 0.5 mL of one of the 
following microbial cultures - P. mirabilis, E. coli, S. aureus or P. 
aeruginosa was distributed on a Petri dish with beef-extract agar as a 
nutrient medium. Dishes were completely covered with gauze, ACF or 
ACF-Cu and incubated for 45 min at 37°C. After removing the covers. 
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dishes were incubated for 24 h at 37°C and the numbers of bacteria were 
counted. 

3. RESULTS AND DISCUSSION 
3.1. Nanofibrous Fibrin Structures 

Fibrin monomer was sprayed as droplets from the spray nozzle to the 
target site, and this flight took between 100 - 120 ms (data not presented). 
Confocal microscopy showed that the sprayed F-1 formed a 
heterogeneous film with high density boundary on the surface. Electron 
micrographs may be interpreted noting that in TEM mode the samples are 
sectioned and dark regions represent proteins with higher density than the 
background, hence they are seen as dark regions on micrographs. SEM, on 
the other hand, shows only the surface structures and on SEM 
micrographs dark regions correspond to the background or fluid filled 
space, whereas light regions correspond to proteins. The micrographs 
shown in Figures 1 and 2 are representative of a large number of images 
taken. 

Investigation of fibrin clot structure using scanning and transmission 
electron microscopy revealed sequential steps of fibrin network formation 
(Figure 1, a-d). Formation of fibrin dimer (la), protofibril formation (lb), 
branching of fibrils into fibrin network (Ic) and finally the morphology 
and fibrin clot structure (Id) are clearly observed. 




Figure 1. Different steps of fibrin network formation, a - fibrin dimer formation; b - 
protofibril formation; c - fibrin network; d - fibrin clot, a, b and c are TEM micrographs, x 
60,000 (a) and x 35,000 (b and c); d is SEM micrograph, x 7,000. 



Fibrin film produced on a hydrophobic polyethylene surface is easily 
detachable from the surface without being damaged. It retains contours of 
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the surface on which it was polymerised and the micrograph shows that 
fibrin is concentrated at the interface (Figure 2a). Fibrin sprayed over the 
hydrophilic agarose surface behaves very differently. It does not form any 
film stmcture as shown in Figure 2b. 




Figure 2. Polymerisation of fibrin polymer at (a) hydrophobic polyethylene surface and (b) 
hydrophilic agarose surface. TEM micrographs, x 17,500 (a) and x 35,000 (b). 22.5 g/L 
fibrin monomer sprayed on the surface and incubated for 30 min at RT. Black blobs - 
fibrin. 



To explain these observations, the events at the air/water interface 
should be taken into account. The droplets of fibrin monomer during their 
short flight are exposed to air, which should cause concentration of the 
protein at the air/solution interface, as it was established earlier [34]. This 
observation allows us to suggest that hydrophobic media (air in this case) 
promote formation of a fibrin film at their interface which is further 
developed once the droplets reach a hydrophobic surface. Mobility of 
proteins at air/liquid interface is higher than at solid/liquid interface [35], 
however the time of flight is perhaps too short (in the order of 
milliseconds) to establish strong links within the fibrin network of the 
single droplet. Flence, on the hydrophobic polyethylene the fibrin network 
expands over the whole surface (Figure 2a), whereas it breaks down on 
the hydrophilic agarose surface and no film is observed (Figure 2b). It was 
shown that platelet adhesion to fibrin(ogen) coating is influenced by the 
nature of the underlayer surface [36]. The effect of surface 
hydrophilicity/hydrophobicity on the fibrin film formation should be 
considered in medical applications of fibrin as a sealant. 

3.2. Medical Applications of ACF 

As expected, adsorption efficiency of ACF is related to their surface 
characteristics and porosity. ACF samples with higher degree of burn-off 
have larger Vs, Smicm and Stotai- As a result, adsorption capacity of ACF3 
towards unconjugated bilirubin from protein-containing solutions is five 
times higher than that of ACFl (Table 2). Analysis of the distribution of 
specific surface area for different ACF samples shows that unconjugated 
bilirubin is mostly adsorbed in micropores. 
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It should be noted that ACF showed excellent operating stability with 
no signs of saturation after 4 h perfusion. Projection of the experimental 
data on the treatment of patients with hepatic failure suggests that a 1 80- 
200 cm^ column packed with highly activated ACF would be able to 
remove up to 600 mg of bilirubin from the blood plasma during 4 h 
perfusion at a flow rate of 25 mL/min. 

In batch experiments DNA-ACF showed significantly higher 
adsorption efficiency than DNA-Norit towards anti-DNA antibodies 
removal from the blood plasma of SLE patients (Fig. ). This result 
demonstrates high potential of DNA-containing ACF immunoadsorbents 
in the treatment of autoimmune diseases associated with elevated levels of 
anti-DNA antibodies. 

Plasma lA performed in dogs with malignant tumours using SAC-ACF 
has resulted in a statistically significant reduction of the tumours. 
Staphylococcus Aureus Cowan suspension that has also been used in such 
cases is highly toxic and its use is associated with frequent and grave side 
effects. SAC immobilised on ACF showed little or no side effects. 
Plasma perfusion over SAC-ACF or ACF exhibits immunomodulatory 
effect withdrawing IgG and CIC from circulation, although lA seems to 
be more efficient (Table 3). 

Table 3. IgG and CIC levels in blood plasma of dogs with mammary adenocarcinoma 
during plasma perfusion (B, pre-column level, P, post-column level) and one day after (A) 



Solute 


Adsorbent 


Points and time of sample withdrawal (min) 

B-30 P-30 B-60 P-60 A 


IgG (g/L) 


ACF 

SAC-ACF 


4,76±0,4 4,15±0,3 4,92±0,36 4,61±0,34 5,22±0,51 
4,45±0,3 2,94±0,2 4,50±0,24 3,45±0,36 4,21±0,25 


CIC 

(a.u.) 


ACF 

SAC-ACF 


44,7±3,1 20,6±3,0 50,6±3,2 37,4±3,5 63,3±3,1 

77,5±2,5 34,0±2,4 62,1±3,4 45,6±3,1 61,3±3,7 



Similarly, ACF-immobilised bacterial endotoxin is a safer option for 
cancer treatment than a free BET suspension. Despite well-known anti- 
tumour activity of BET, their therapeutic applications are discouraged by 
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BET-induced toxic reactions. A single direct haemoperfusion through a 
microcolumn packed with BET-ACF resulted in the increase of the 
average life span of animals to 76.2±11.4 days in comparison with 52.7 
and 54.2 days in groups of rats after DHP through microcolumn packed 
with uncoated ACE and after BET injection, respectively. Complete 
regression of tumour was observed only in the group of animals treated 
with haemoperfusion over BET-ACF. 

Incorporation of metals in dressing materials is used to make them 
bactericidal (e.g., silver impregnated carbon dressing "Actisorb Plus", 
Johnson & Johnson). Bactericidal properties of ACF-Cu, ACE and 
hygroscopic cotton gauze were compared in model experiments (Fig. 4). 




Figure 4. Bactericidal effect of ACF and ACF-Cu. 1 - Gauze, 2 - ACF, 3 - ACF-Cu. I - 
P. mirabilis; II - E. coir. III - S. aureus, IV - P. Aeruginosa. 

After contact with the gauze the bacterial growth did not differ from 
that in the control. ACF exhibited a bacteriostatic effect with slight 
inhibition of P. mirabilis and P. aeruginosa growth and 3-fold reduction 
of S. aureus and E. coli colonies. In presence of ACF-Cu growth of all 
colonies was completely oppressed. It can be concluded that ACF-Cu has 
a strong bactericidal effect on different microorganisms combined with 
high adsorption potential. 

The results presented in this paper confirm a large number of 
opportunities for medical applications of nanofibres such as fibrin or 
nanostructured fibres such as ACF. In case of natural fibrin fibres their 
properties can be significantly modified for a particular application by 
forming their network at different interfaces. Adsorptive properties of 
ACF can be significantly altered by their surface chemical or physical 
modification. It is important to realize that despite successful 
demonstration of these approaches in designing fibres, there is a lot of 
room for further improvement. A simple calculation allows estimation of 
nonporous nanofibrous carbon surface area as being between 200 and 
2000 m^/g for the fibre diameter 100 nm and 10 nm, respectively. (In this 




255 



calculation the density of carbon fibre was taken as 2.0 g cm'^). Such a 
large surface area is comparable with that of ACF but it does not require 
the activation stage, which significantly reduces mechanical strength of 
carbon materials. It is also an easily accessible external surface which has 
no intraporous diffusion limitation that may reduce the adsorption rate by 
porous carbons. Although carbon nanofibres are not produced on a large 
scale yet, recent advances in making polymeric nanofibres make possible 
production of carbon nanofibres by polymer pyrolysis in the near future, 
and that will open exciting opportunities for medical applications of these 
materials. 
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Abstract: Historically, advances in materials synthesis and processing have 
been pivotal in the emergence of advanced medical technologies. Tissue 
Engineering (TE) and other organ regenerative techniques depend on the 
creation of a mechanically well-defined environment (scaffold) that is rich in 
biomolecular signals to achieve its objectives, namely the growth of 
functional neo-tissue. The evolution of neo-tissue is governed by material- 
cellular interactions, which in turn are dictated by surface characteristics such 
as texture and chemical functionality. To enable predictive outcomes in TE, 
polymeric fibers and cellular solid scaffolds should be engineered to include 
the presentation of biomolecular signals. Since information that is introduced 
on the material surface is processed as biomechanical and biochemical signals 
through receptors, which are nano-meter sized entities on cell surfaces, it is 
therefore important that this information be presented on the same length 
scale as it occurs in nature. A robust, reproducible and simple way to 
assembly physical and biochemical information therefore needs to be 
developed. We hypothesized that an assembly of functionalized particles 
could serve as a versatile tool for imparting texture and chemical functionality 
on a variety of surfaces. We further hypothesized that nano-scale resolution of 
physical and chemical information can be achieved using functionalized 
nanoparticles (FNP) as building blocks. Pre-functionalization allows for the 
precise control over density and spatial distribution of information on the 
surface. Using functionalized inorganic oxides; surfaces of hard (stainless 
steel and titanium) and soft (polyurethane) substrates have been modified so 
as to impart reproducible texture and chemically derivatizable functionality. 
These surface modification coatings can be tuned to possess tethered or 
covalently adsorbed biomolecules such as peptides, growth factors and 
proteins and can serve as a platform for engineering biomimetic interfaces to 
modulate cellular behavior toward implants and in scaffolds for TE. 
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1. INTRODUCTION 

Depending on the surface chemistry and physical characteristics of a 
biomaterial (metallic or polymeric) the cellular response to the material 
interface can be varied. Although local modulation of cellular events is 
influenced to a significant extent by the layer of adsorbed serum proteins at 
the interface, it is not the sole determinant in the long-term compatibility of a 
material. Several other factors play a key role and they include chemistry of 
the surface (lipophilic versus hydrophilic), surface texture, local pH and 
degradation products. 

When a material is chemically inert or slow degrading the typical response 
entails the encapsulation of the implant within an avascular fibrous capsule. 
The fibrous capsule serves to sequester the implant from the body’s immune 
system while localizing the undesirable effects of the implant. This isolation 
process is effective from the body’s perspective, nevertheless it is a barrier to 
transport and can serve as an impediment to the functioning of an implanted 
biosensors or drug delivery device. Such a fibrotic response is typically 
observed around polymers like Teflon, Silastic and polyurethane [1]. 

However, when a degradable material is implanted, the response can vary 
from integration of the implant with the surrounding tissue, i.e., if the implant 
is porous or fibrous; to a strong inflammatory response, typically triggered by 
localized accumulation of degradation products [2]. The inflammatory 
response may be acute and get resolved favorably or be sustained resulting in 
the rejection of the implant. Degradable polymers elicit such responses 
depending on their chemical make-up and configuration, i.e., fiber, film, 
particles or solid. The mass of the material has a direct bearing on the local 
changes in pH and accumulation of degradation products, while the 
configuration and chemistry of the material plays an important role in 
dictating cell attachment and cell morphology [3]. The latter is of extreme 
importance in the development of tissue-augmentation devices (e.g., bone 
pins, bone screws) and in tissue engineering where cell recruitment, 
proliferation and differentiation in a localized and controlled manner is vital 
for directing tissue-morphogenesis [4]. 

Surface modification offers a means to alter interfacial properties without 
affecting the bulk characteristics of a material. Some of the commonly used 
processes for the modification of chemical composition or texture of a 
material include; (a) chemical etching, (b) oxidative plasma treatment 
(typically used for metals), (c) chemical and plasma enhanced vapor 
deposition and (d) physisorption and chemisorption of block co-polymers and 
biopolymers [5-8]. Common drawbacks with these approaches are that they 
are usually material specific, i.e., limited to modification of either a hard or 
soft material, and they do not provide a means of precisely and reproducibly 
controlling chemical functionality and texture. In addition, seldom can both 
texture and chemical functionality be controlled in a single step or process. 
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It occurred to us that one could affect both chemical composition and 
texture of surface via the assembly (or coating) or functionalized 
nanoparticles. The advantages of this paradigm over conventional 
methodologies are the following: 

1. Particles allow for control over surface characteristics from the sub- 
micron to nanometer length scale, 

2. Pre-flinctionalized particles enable a high degree of control over density 
and spatial distribution of functional moieties, 

3. Spherical morphology of the particles lend themselves to self-assembly 
and hence a high degree of order and reproducibility in surface chemistry 
and texture, 

4. Since the assembly process can be done from aqueous phase, it is 
compatible with biological systems, 

5. Complex surface chemistries can be attained by varying the size and 
chemical composition of the particles, and 

6. The approach can be applied to both hard and soft material and in any 
configuration (wires, fibers, mesh, porous body, solid). 

We have demonstrated the suitability of this approach in the modification 
of both metal and polymer surfaces and shown that precise control of 
chemical composition and texture may be achieved by varying the chemical, 
physical and structural characteristics of the nanoparticles. 



2. EXPERIMENTAL 

2.1 Synthesis and Characterization of Amine-Functionalized 
Silica Nanoparticles (FSNP) 

Silica nano-particles were prepared using the Stober process, via the 
controlled hydrolysis of tetraethylorthosilicate (Aldrich), using ammonia and 
alcohol as catalyst [10]. Functionalization of the silica nanoparticle surface 
with primary amines (Si-0-R-NH2) was achieved by condensation with 
aminopropyltriethoxysilane (APS). The mean particle diameter and size 
distribution was ascertained using Dynamic Laser Light Scattering and 
Transmission Electron Microscopy (TEM). The presence of amine 
functionality on the surface of the particles was visualized using 
salisaldehyde. The surface charge was determined by Zeta Potential 
measurement. 

2.2 Coating of Metal and Polymer Substrates 

316-L stainless steel and titanium foil substrates (Goodfellow 
Corporation) were cut into rectangle pieces (0.7mm x 10mm), ultrasonically 
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cleaned in organic solvents of increasing polarity, followed by rinsing in 
deionized water and then dried in a 60° C oven for 24 hours prior to use. 
FSNP were then assembled from an ethanolic solution onto metal substrates 
using spin coating (50 pL/deposition, 1 wt%, 2000 rpm, total of 10 sequential 
depositions). An identical procedure was employed to coat polyurethane (PU) 
thin films that were prepared by spin casting from a tetrahydrofuran solution 
onto borosilicate glass slides. 

2.3. Characterization of FSNP Modified 316-L Stainless Steel 
and Titanium Surfaces 

The modified metal surfaces were characterized using Scanning Electron 
Microscopy (SEM), Energy Disperssive X-ray Analysis (EDAX), Rutherford 
Back Scattering (RBS), X-ray Photoelectron Spectroscopy (XPS), and Atomic 
Force Microscopy (AFM, tapping mode image). The concentration of amine 
groups on the surface was determined by a quantitative assay as described in 
the literature [11]. The assay involves first reacting the amine group with 
sulfo-SDTB followed by hydrolysis of the adduct with perchloric acid to 
liberate a colored cation that is assayed spectrophotometrically at 498 nm. 

3. RESULTS 

Silica nanoparticles ranging from 50- 800 nm in mean diameter with 
polydispersity (PD) of less than 0.1 were prepared successfully using the 
modified-Stober process. Functionalization of the nanoparticles surface via 
the silanol groups with a silane coupling agent aminopropyltriethoxysilane 
yielded amine modified silica nanoparticles with no appreciable change to 
both particle size and PD (Table 1, Figure 1). The surface modification was 



B 



100 nm 




Figure 1. TEM images of silica nanoparticles before (A) and after (B) functionalization 
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Table 1. Characteristics of silica nanoparticles 





Si02 


SiOj- 

NH 2 


Mean Diameter 
(nm) 


56.0 


60.2 


PD 


0.07 


0.09 


Zeta Potential 
(mV) 


-30 


+26 



accompanied by reversal of surface charge, which was confirmed by zeta 
potential measurements (Table 1). 316-L stainless steel and titanium foil 
surfaces were successfully modified using non-functionalized and amine- 
functionalized silica nanoparticles (FSNP). SEM analysis of the surface 
confirmed the presence of a silica nanoparticle assembly on the surface 
(Figure 2). Quantification of chemically accessible amine groups on the 
modified metal surfaces indicates that amine group density as high as 0.6 NFI 2 
groups/A^ may be achieved. Analyses of modified metal surfaces using RBS 
indicate that nanoparticle assemblies are reproducible in thickness for given 
substrate and coating conditions (number of depositions and nanoparticle 
concentration). For 10 depositions, typical thickness range from 350 to 450 
nm. AFM analyses reveal that although the titanium surface exhibits much 




Figure 2. SEM image of amine-FNSP modified titanium surface (left, scale bar: 100 nm) 
and EDAX spectrum of the surface (right) 

greater surface roughness than the stainless steel surface, after coating with 
amine-FSNP the surface roughness of both surfaces were comparable (Table 
2). In fact, even more dramatic contrast can be seen in the case of PU surface, 
which has a initial surface roughness of ~ 3nm and a roughness post-coating 
of ~32 nm. Finally, the coatings appear to be quite robust and capable of 
withstanding handling by forceps and chemical environments that are 
typically used in the coupling of proteins, peptides and growth factors to 
surfaces. 
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Table 2. Roughness of metal and PU substrates before and after 
modification with functionalized silica nanoparticles 



Substrate 


Average Surfaee 
Roughness (nm) 
(determined from AFM) 


Titanium 


51.4 


T itanium- Amine-F SNP 


21.1 


Stainless Steel 


31.0 


Stainless Steel-Amine-FSNP 


27.3 


PU 


3.1 


PU-Amine-FSNP 


31.8 



4. DISCUSSION 

We have demonstrated that metal and polymer surfaces can be modified 
with functionalized nanoparticles to bear well-defined chemical functionality 
and topography. These coatings appear to be quite robust and resistant to 
mechanical abrasion due to typical handling procedures. Both titanium and 
stainless steel surfaces bear an oxide layer due to the spontaneous oxidation of 
titanium and, iron/chromium, respectively. It is plausible that this oxide layer 
facilitates the covalent binding of the silica nanoparticles to the metal surface 
via metal-silicate bonds. The AFM analyses of the metal surfaces before and 
after modification reveal that both metal and polymer surfaces post-coating 
exhibit similar surface roughness. This suggests that if the coating is of 
substantial thickness then the roughness of the underlying surface is of little 
consequence in the evolution of the surface topology, i.e., no epitaxial effects 
are in play. The underlying surface roughness has only bearing on the 
thickness of the coating for a given number of depositions. That is, greater 
initial roughness yields thinner coating for identical coating conditions as 
some of the nanoparticles serve to fill the crevices on the surface prior to 
achieving topological uniformity. The amine quantification studies reveal that 
the modified metal surfaces are rich in amine functionality and that the amine 
groups are chemically accessible and can be modified in a reproducible 
manner under reaction conditions similar to those used for protein coupling 
chemistry. 

Thus these coatings are highly suitable for surface biomimetic 
engineering. We are currently exploring layer-by-layer assembly of 
biologically relevant information such as collagen, polysaccharides and 
apatite onto these functionalized nanoparticles and studying their assembly 
into 2-dimension and 3-dimensional hierarchies. It is hypothesized that these 
biomimetic particles can be assembled into 3 -dimensional assemblies by 
either coating or dispersion in polymeric fibers (Figure 3) and porous media 
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to present biologically relevant information in a spatially well defined manner 
for tissue regenerative and drug delivery applications. 




Figure 3. Poly(L-lactic acid) fibers containing poly(acrylic 
acid) functionalized silica nanoparticles on the fiber surface 



5. CONCLUSIONS 

Functionalized nanoparticles are excellent vehicles for the modification of 
chemical and topological characteristics of surfaces. Via these nanoparticle 
assemblies, roughness and texture of the surface, as well as spatial resolution 
of the chemical functionality can be simply controlled by varying the 
chemistry and size of the nanoparticles (colloids). It is envisaged that these 
functionalized nanoparticle assemblies will serve as a platform for the further 
assembly of biologically relevant information such as peptide-aggregates, 
enzymes, apatites and genetic material. This paradigm has been extended to 
include synthetic polymeric surfaces and polymeric nanoparticles. In addition, 
we are currently exploring the assembly of such nano-scale-functionalized 
hierarchies on collagen fibrils and electro-spun polymeric felts. 
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Abstract: Adsorption properties of granulated catalytic filamentous 

carbons (CFC) and CFC-coated macrostructured ceramics (honeycomb 
monoliths, foams) have been studied for adsorptive immobilization of 
biologically active substances including enzyme glucoamylase, invertase- 
active yeast membranes and non-growing cells of bacteria. The effect of 
morphology of the surface carbon layer on the adsorption efficiency of the 
supports and on the biocatalytic properties (stability and activity) of 
immobilized enzymes has been investigated. 



Key words: catalytic filamentous carbon; carbonized ceramics; adsorptive 
immobilization. 



1. INTRODUCTION 

The problem of developing efficient supports for adsorptive 
immobilization of biologically active substances and microorganisms is 
still relevant because of its importance for various applications including 
medicine, biotechnology and pharmaceutical industry. Obviously, such 
supports-adsorbents must meet certain criteria. Firstly, they should have 
sufficient adsorption capacity with respect to such substances and 
microorganisms and have to strongly bind them to the surface. Secondly, 
they should retain and stabilize the biological activity of the immobilized 
substances at a relatively high level. Thirdly, they should possess high 
mechanical strength and resistance to biological and chemical 
degradation. Finally, their cost should be relatively low. Apparently, 
carbon-containing inorganic supports satisfy these requirements [2,3,5]. 

The present investigation has been carried out to study the granulated 
catalytic filamentous carbons (CFC) and CFC-coated macrostructured 
ceramics as supports - adsorbents for immobilization of enzyme 
glucoamylase, invertase-active yeast membranes and the non-growing 
bacterial cells. The effect of morphology of surface carbon layer on the 
adsorption efficiency of the supports and on the biocatalytic properties 
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(stability and activity) of immobilized enzymatic active substances has 
been investigated. 

2. EXPERIMENTAL 

Granulated catalytic filamentous carbons (bulk CFG) with diameter up 
to 5 mm were prepared by catalytic pyrolysis of methane on Ni / AI2O3 
and Ni, Cu / AI2O3 catalysts [1,2]. The carbon yield (Y) expressed in g of 
carbon deposit per 7 g of the catalyst was varied from 1 to 180 g/g. 

Macrostructured ceramics were used as honeycomb monoliths and 
foams described in [3,4]. These supports were coated by a carbon layer of 
different morphology, such as i) graphite-like (G) layer (Fig.l a), ii) fur- 
like layer (F) formed by thick and short carbon filaments (Fig.l b), and in) 
hair-like layer (FI) formed by thin and long carbon filaments (Fig.l c), 
which were synthesized by methods described in [3]. Thus, the graphite- 
like carbon layer was synthesized by thermal decomposition of sucrose 
impregnated into the support pores at 500°C in H2 flow for 2 hours. The 
catalytic filamentous carbon layers were synthesized by catalytic pyrolysis 
of a propane-butane mixture over Ni / Al/Si catalyst at 500°C. 




Fig.l. Scanning electron micrographs of carbon layers synthesized on ceramic surface. 

a) graphite-like carbon layer (G) on foam-like ceramics, 

b) fur-like carbon layer (F) on foam-like ceramics and Al/Si honeycomb monoliths, 

c) hair-like carbon layer (H) on cordierite honeycomb monolith. 

The adsorptive immobilization of the biologically active substances on 
the carbon-containing supports was performed under conditions described 
in [2,5]. The amount of adsorbate was calculated from the difference of its 
contents in solution before and after adsorption and expressed in mg/g of 
the support. 

Scanning electron microscopy (SEM) studies of the support surfaces 
and the adsorbed bacteria were performed with REM-IOOY microscope. 
The samples for microscopy were prepared as described in [2,5]. The 
labels in the micrographs correspond to distance in micrometers (fi.) 

3. RESULTS AND DISCUSSION 

Comparative investigation of adsorption properties of granulated 
bulk CFCs with respect to various biological substances were carried out 
in [2]. The main conclusion was that the value of accessible surface area 
is of crucial importance in the adsorption of adsorbates of biological 
origin [2]. As for microorganisms, they were adsorbed exclusively on the 
external surface of CFG granules; inner surface was not accessible for 
large bacterial cells (1-2 p in size) [2,5]. An additional key factor affecting 
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the adsorption of bacterial cells was roughness of the surface determined 
by the carbon yield (Y) [2,5]. It was shown that the adsorption capacity 
for the non-growing bacterial cells {E.coli, Bacillus sp. and Rhodococcus 
sp.) was lower for CFCs with dense and smooth surface (at high Y) and 
higher for CFCs with rough “carbon fiir coating” (at low Y) whereas the 
surface area accessible to bacteria did not depend on Y [2]. The cross- 
linking of bulk CFC granules by the similar carbon filaments increased 
significantly both the inner area accessible for bacteria adsorption due to 
channel formation (Fig.2a) and the roughness of the surface via additional 
synthesis of “carbon fur coat” (Fig.2b). The adsorptive immobilization of 
bacteria on the cross-linked CFC granules was found to be highly 
efficient. In the SEM micrograph the adsorbed bacterial cells of 
Rhodococcus ruber were packed closely together (Fig.3). 

As a conclusion, granulated bulk CFC supports with «carbon fiir 
coating)) were found to be efficient adsorbents for biologically active 
substances. 




Fig. 2. Scanning electron micrographs of the surface of cross-linked CFC granules 

a) channels on the external surface of granules; 

b) the “carbon fur coating” 




Fig.3. Scanning electron micrograph of the Rhodococcus niher immobilized on cross-linked CFC 
granules. 

To increase the accessible surface area and the mechanical strength of 
the supports and at the same time to retain the morphology of filamentous 
carbons, the macrostructured ceramics, in particular foams were used and 
methods of synthesis of CFC layers on the alumina-silica surfaces were 
developed. To study the effect of carbon layer morphology on stability 
and biocatalytic activity of immobilized enzymatic active substances, the 
ceramics coated by graphite (G)-, fiir (F)- and hair-like (H) carbon layers 
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were synthesized. When enzyme glucoamylase was adsorbed on the 
supports with graphite-like carbon layer, the stability of biocatalyst was 
relatively low [3]. The stability of glucoamylase increased by an order of 
magnitude via immobilization of enzyme on ceramics coated by 
filamentous carbon layer [3]. Also, filamentous carbon layer was found to 
provide the highest operational stability of immobilized glucoamylase. In 
the continuous hydrolysis of com dextrinized starch the activity of the 
biocatalyst remained constant for several hundred hours at 50-55°C. 

The effect of carbon layer morphology on the stability and biocatalytic 
activity of immobilized invertase-active cell membranes of autolyzed 
baker yeast was studied. Supports coated by catalytic filamentous carbon 
ensured the highest stabilization. The best result on stability was that the 
biocatalysts retained over 50% of the initial activity for 0,5-year storage at 
ambient temperature. Unlike glucoamylase, activity of immobilized 
invertase was found to depend strongly on the morphology of the carbon 
layer (Table 1). Invertase-active yeast membranes adsorbed on the 
graphite-like carbon layer synthesized on foam-like ceramics (Fig. 1, a) 
showed a ~ 10-fold decrease of biocatalytic activity in comparison with 
fur-like carbon (Fig.l, b) perhaps due to hydrophobicity of graphite. 
Moreover, invertase adsorbed on hydrophobic carbon supports specially 
modified to increase the surface hydrophobicity has lost the biocatalytic 
activity completely. The activity of invertase-active yeast membranes 
immobilized on hair-like carbon layer synthesized on cordierite monolith 
was shown to be comparatively low because of diffusion limitations 
(Table 1). 

Table l.The effect of macrostructure of supports and morphology of carbon layer on activity of 
biocatalysts prepared via adsorption of yeast cell membrane. 



Macrostructure 
of support 


S^iecifici 

mVg of 
non- 

carbonized 

support 


Carbon 

content, 

w/w% 


Sspecific? ^ 

of 

carbonized 

support 


Morphology 
of carbon 
layer* 


Activity, U/g 
of biocatalyst 


Foam 


0.5 


0.6 


2.7 


G 


2.2 


Foam 


0.5 


1.0 


6.5 


F 


18.4 


Monolith 


24 


1.4 


27 


G 


12.5 


Monolith 


24 


5.6 


60 


F 


15.6 


Monolith 


0.15 


0.5 


0.8 


H 


1.1 



The following designations are used: G - graphite-like carbon lay er (Fig. la), F - fur-like carbon 
layer (Fig.l b), H - hair-like carbon layer (Fig.lc) 



4. CONCLUSIONS 

Comprehensive investigations of granulated CFC supports and CFC- 
coated ceramics demonstrate their high adsorption efficiency with respect 
to biologically active substances (enzymes, yeast membranes and non- 
growing bacteria) due to filamentous morphology of the surface carbon 
layer. Cross-linked CFC granules possess the highest adsorption capacity 
for the non-growing bacterial cells. 

Filamentous carbon provides the highest long-term and operational 
stability of the heterogeneous biocatalysts based on immobilized enzyme 
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glucoamylase. In the continuous hydrolysis of com dextrinized starch 
their activity remains constant for several hundred hours at 50-55°C. 

The activity of immobilized invertase-active yeast membranes depends 
strongly on the morphology of carbon layer. Invertase adsorbed on 
graphite-like carbon layer has low biocatalytic activity. The significant 
(up to 10-fold) increase of invertase activity is observed when yeast 
membranes are immobilized on foam-like ceramics with fur-like carbon 
layer. 

The highly efficient CFC-based adsorbents have potential for 
applications in biotechnology and medicine. 
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Abstract: The key challenge of current research in nanoelectronics is the 
realization of biomolecular devices. The use of DNA bases and electron- 
transfer proteins, such as blue copper protein azurin (Az), is particularly 
attractive because of their natural self assembly capability. We will 
present our results concerning the fabrication, characterization and 
modeling of hybrid three-terminal devices based on deoxiguanosines 
(modified DNA bases) and azurins. These molecular devices exhibit novel 
operational functions, thus opening the way to the implementation of a 
new generation of logic architectures 

1. INTRODUCTION 

Molecular electronics is one of the potential roadblocks to continue 
the scaling beyond the 50nm node for the implementation of 
nanoelectronic devices. Recently key demonstrations of molecular 
electronics devices have been reported, primarily through the use of 
carbon nanotubes and polymers [1], suggesting that the obstacles to the 
accomplishment of molecular electronic devices are more technical than 
conceptual and mainly concerns issues such as device aging, lifetime and 
reproducibility. In particular, the demonstration of a three-terminal field 
effect device (field-effect transistor) consisting of source (s) and drain (d) 
contact interconnected by a molecular layer, and a third contacts (gate) to 
modulate the source-drain current (Us), is a crucial step for the 
development of a molecular electronics. However, the implementation 
process of a reliable three terminal device based on a few organic 
molecules at nanometer scale is still a demanding and difficult step [2]. 
An alternative route is to exploit conduction of self-assembled 
biomolecules, in order to achieve devices based on highly ordered 
engineered layers (bottom-up approach), taking advantage of the specific 
reactivity of molecules having functional groups with affinity for specific 
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surfaces and/or molecules. While engineers and scientists have been long 
aspiring to manipulate structures controllably and specifically at the 
micro- and nanometer scale, nature has been performing these tasks with 
great accuracy and high efficiency using highly specific biological 
molecules such as DNA and proteins. Electronic conduction through 
biological macromolecules and biomolecular monolayers has been 
demonstrated [3]. Pioneering investigations showed that biomolecules 
were stable in air and at room temperature and behave like active elements 
in the devices. In this paper we describe and discuss the basic 
nanotechnological issues for the implementation of hybrid three terminal 
devices based on deoxyguanosine derivatives (a DNA base) and 
metalloproteins. We also present a phenomenological explanation of the 
operational principles of such devices. Finally the interconnection 
problem of the hybrid devices is discussed on the basis of a finite element 
simulation, providing a full electromagnetic characterization of the 
structure. A thorough analysis of device ageing and degradation is also 
given. 

2. DEVICES BASED ON DNA BASES 

Recently, there has been great theoretical and experimental efforts 
aimed at assessing the problem of electrical transport in DNA strands. 
Due to the considerable difficulties in connecting single DNA ropes to 
electrodes separated by few tens of nanometers, we adopted a different 
strategy choosing a single modified DNA base, the lipophilic 
deoxyguanosine, as the basic molecular constituent of our nanodevices. 
The guanine exhibits a low oxidation potential -which favors charge 
transport- and spontaneous self-assembling properties both in solution and 
in the solid state [4]. The base was modified, in the lipophilic 
deoxyguanosine derivative form [5] (Fig. la), to favor the formation of 
ordered supramolecolar structures thanks to its peculiar sequence of H- 
bond donor and acceptor groups and side chains (Fig. lb). 

The nanodevices were fabricated by cast deposition. A 2 pi drop of 
deoxyguanosine solution in chloroform was prepared (lO * - 10'"* M) and 
deposited in the gap between two metallic contacts. Upon controlled 
evaporation. Atomic Force Microscopy (AFM) studies of the molecular 
layer showed that the deoxyguanosines self-assemble in supramolecular 
ribbon-like structures (Fig. Ic). 

To interconnect guanosine-ribbons and implement the hybrid 
molecular electronic devices, planar metal-insulator-metal nanojunctions 
(Fig. 2a) were fabricated on the surface of thermally oxidized silicon 
wafers. The oxide layer was 100 nm thick and constituted the gate oxide, 
while a silver 
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Figure 1 : (a) The molecule used in this study and (b) the self organized 
ribbons of dG(Cio) 2 - (c) AFM image of the guanosine layer morphology. The 
ribbons form an ordered supramolecular structure, laying parallel to each 
other with a periodicity of 2.5 nm and a length up to /~100 nm. Over such a 
length scale, the packed lamellar structure of the SAGC, physisorbed on the 
surface between the electrodes, gives rise to an orthorombic unit cell of size 
(3f=1.3±0.1 nm and ^=2.5±0.2 nm. For distances longer than 100 nm, that 
ordering is lost, and the ribbons form randomly oriented SAGCs. 

back-electrode -deposited on the degenerated doped silicon substrate- was 
chosen as the gate electrode. The source and drain Cr/Au (8nm/35nm) 
electrodes were realized by electron beam lithography followed by lift-off 
Typical inter-electrodes distances were in the range between 20 and 40 
nm [6]. The fabricated planar electrodes were inspected by plan- view and 
cross-section scanning electron microscopy (SEM) in order to check the 
success of the whole technological process and to estimate the separation 
between the Cr/Au nanotips. All contact pairs were then tested by current- 
voltage measurements. Open-circuit resistance as high as 100-200GO 
were obtained in all working devices. Typical process yield - i.e. the 
percentage of good contact pairs where no significant current was 
observed to flow under open-circuit configuration - was around 90%. 

Current-voltage experiments on the guanosine-based devices were 
focused on the DC behavior and were carried out by using a 
semiconductor parameter analyzer (HP Agilent 4155B) in the voltage 
range between -3.5 and 3.5 V at room temperature and in air. The gate 
and drain voltage were applied with respect to the grounded electrode 
(source). Drain-source and gate current were recorded simultaneously. 
Fig. 2b shows a 3D plot of the drain-source current as a function of the 
drain-source voltage V^s and the gate voltage Vg. In the low drain-source 
bias region, the device was almost non conductive. All the measured 
characteristics showed the existence of a well-defined threshold voltage 
and indicated that conduction can be activated at higher bias. By 
increasing the gate voltage from OV to IV, this threshold voltage 
gradually increased following an almost linear trend. This behavior can be 
explained in terms of resonant tunneling. 
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Figure 2 (a) Fligh magnification SEM image of the planar nanoelectrodes. (b)3D 
plot of the drain-source current as a function of the drain-source voltage Vjs and 
the gate voltage Vg 

Due to the difficulty in creating an ideal Ohmic molecule-metal 
contact, two potential barriers arise at the interfaces between the 
organic/inorganic layers. Moreover, since the molecules were found to 
aggregate spontaneously to form ordered self-assembled guanosine 
crystals (SAGCs), we could model the molecular part as a semiconductor 
material, characterized by energy bands. At low voltage, the molecular 
layer behaved as an insulator. On the other hand, transport above 
threshold can be explained in terms of resonant tunneling. When the 
applied drain-source bias aligns the electrodes Fermi levels to one 
molecular miniband, the conduction is activated. The energy shift of the 
molecular band due to the gate field induces a change in the alignment 
condition and therefore an increase in the threshold voltage, was required 
to recover the resonant tunneling process. We found that the threshold 
voltage increased almost linearly with the gate voltage. 

The field effect was found to have a profound effect on the drain- 
source current at constant drain-source voltage, as manifested by a 
fivefold decrease of its value as a function of Vg (for drain-source voltage 
around 3 V, the current I<js changes from 250 pA at Vg=0V to 50 pA at 
Vg=lV resulting in an on-off ratio around 5). It is worth noting that Ids 
decreases as in a p-channel MOSFET, but no saturation was observed in 
the Ids-Vds characteristics. A maximum voltage gain (given by the product 
of the transconductance and the output resistance) as high as 0.76 was 
found (small-channel molecular devices usually exhibit gain in the range 
between 0.3 and 0.5). 

Although these nanodevices can be probably further improved, to 
enhance their performance and reduce their aging, some interesting 
architecture can already be proposed. The lack of saturation in the source- 
drain current makes the output current quite sensitive to small changes in 
the source-drain voltage. The behaviour of our nanodevices is dual with 
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respect to a standard field-effect transistor. In fact, the Vds-I^s is similar to 
the Ids-Vds curve of a standard FET. Our devices is stable when guided in 
current rather than in voltage. Moreover, an on-off ratio around 5 could be 
enough for some logic applications, such as static random access memory 
(S-RAM). 

3. DEVICES BASED ON AZURIN MONOLAYERS 

The blue copper protein Pseudomonas aeruginosa azurin (14.6 kDa) is 
one of the best characterized redox metalloproteins [7]. It mediates 
electron transfer in the denitrifying bacteria; specifically, it transports 
electrons from cytocrome C551 to nitrite reductase in the electron transport 
chain of respiratory phosphorilation [8]. The central Cu atom, the redox 
active site, is coordinated to 5 aminoacid ligands in a distorted trigonal 
bipyramid geometry [8]. The tertiary structure of azurin is strongly 
asymmetric for the presence of a S-S bridge opposite to copper. Azurin 
fold into an eight-stranded Greek key (3-barrel motif with only a a-helix 
present. Given to this secondary structure and also to the disulfide bond, it 
can be regarded as a very stable protein. Due to their physical and 
chemical properties, Az proteins are good candidates for bio-electronic 
applications. 

Covalent attachment on self assembled monolayers (SAMs), consisting 
of molecules adsorbed from solution onto solid substrates [9] has been 
employed to achieve an appropriate and permanent localization of 
biomolecules on Si/Si02. Azurin proteins have been adsorbed on self 
assembled 3-mercaptopropyltrimethoxysilane (3-MPTS), dissolved in 
absolute ethanol. A very diluted solution (2%) of 3-MPTS has been used 
to obtain ordered monolayers and to prevent from the multilayer 
formation. Sulfide groups are adsorbed from high purity ethanol solution 
and at the solid-liquid interface a strong chemisorption of the head group 
(Si) gives rise to highly ordered architectures. The promoted surfaces 
were exposed to commercial Az solutions and gently dried at room 
temperature. Adsorption of Az was performed from lO '^ M solution with a 
pH 4.6 (Az isoelectric point) prepared dissolving Az in 50 mM 
ammonium acetate buffer. In these conditions no charges are present on 
the biomolecule surface and the adsorption process isn’t affected by 
electrostatic attractive or repulsive forces. 

3-MPTS was used as a cross-linking agent because it ensures 
orientation of the protein deposited film. In fact, the protein adsorption on 
3-MPTS SAM occurs by the unique disulfide bridge. Therefore, proteins 
are well-ordered in the molecular film and the molecular architecture is 
similar to that of immobilized protein molecules on gold [10]. The 
obtained tapping-mode AFM image with a scan size of 0.88 pm x 0.88 pm 
is presented in Fig 3a. 

This image is an evidence for azurin adsorption since it reveals features 
uniformly distributed across the surface, which were not present on SAMs 
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substrates. The presence of these topographic features was reflected in the 
roughness. The protein adsorption, in fact, is responsible for an rms 
roughness increase up to ten times. The recognizable granular structures 
are adsorbed proteins and the surface is totally covered by proteins. The 
width of these structures is overestimated due to the geometrical effect of 
the AFM tip. It is known that Az has a dimension of 4.4 nm. Considering 
the tip convolution effect, the apparent width measured by AFM (19-21 
nm) corresponds to d = 4. 5-5. 5 nm; not very different from values 
reported in literature. 





Fig 3: (a) AFM topography 
image of azurin 
immobilized on self- 
assembled 3-MPTS film, 
(b) Fluorescence spectrum 
of azurin in solution and 
adsorbed onto surface. 



It is noteworthy that the immobilization procedure is a very demanding 
aspect because it must preserve the molecular functionality. 

Conformational properties of the azurin monolayers were investigated 
by intrinsic fluorescence spectroscopy. Using this technique, it is possible 
to analyze the conformational and structural alterations that proteins 
experience during immobilization on solid films. Since the fluorescence 
parameters of the aromatic residues are highly sensitive to the 
microenvironment of fluorophores in protein structures, the use of 
intrinsic fluorescence spectroscopy allows us to directly monitor the 
conformational equilibrium induced by the immobilization procedure, 
thus determining the occurrence of perturbations in protein folding, 
possibly resulting in physical-chemical changes of the copper active sites. 
Azurin has only one tryptophan residue (Trp48) which is responsible for 
protein fluorescence. The photoluminescence spectrum of native azurin is 
centered at an unusually short wavelength (k„ax ~ 308 nm) owing to the 
highly hydrophobic microenvironment surrounding Trp48. Despite the 
holo- and apo-azurins exhibit identical fluorescence spectra, the emission 
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of the holo-protein is strongly quenched by the presence of the copper. 
Therefore, we utilized the apo-form of azurin to optically investigate the 
protein monolayers on Si 02 . 

With respect to free apo-azurin fluorescence in buffer, the spectrum of 
the protein immobilized in the film is characterized by a comparable line- 
shape (Fig. 3b) and a slight red-shift (~3 nm), accounting for the fact that 
immobilization binding does not interfere with the fold pattern of the 
native protein. This result is supported by the comparison of the 
photoluminescence spectrum of protein monolayer with the broadband, 
red-shifted emission of a denatured sample of azurin (see also the inset of 
Fig. 3b). According to the experimental evidence and to the photophysics 
of aromatic amino acids, it seems that the tryptophan residues in native 
and immobilized proteins are found in similar locations. The small 
spectral shift is the only minor effect detectable in azurin upon 
immobilization. This suggests the possibility of a very weak internal 
rearrangement due to the interaction of the ligand binding, without 
affecting the actual fold pattern. 

Flaving demonstrated the integrity of the azurin monolayer, we 
proceeded to the fabrication of the protein transistor prototype. The device 
structure consisted of a planar metal-insulator-metal nanojunction, 
comprising of two Cr/Au (6nm/35nm) arrow-shaped metallic electrodes 
facing each other at the oxide side of a Si/Si 02 substrate connected by the 
molecular layer (drain and source electrodes). The fabrication of planar 
nanojunctions was carried out using the same procedure described in 
section 2. The disulfide bridge S-S of Azurin was broken to form covalent 
bond on Si02 substrate, properly functionalized by means of 3-MPTS. 
Current-voltage experiments were carried out by using a semiconductor 
parameter analyzer (HP Agilent 4155B) in the voltage range between -6 
and 6 volts, at room temperature and ambient pressure. The gate voltage 
(Vg) was changed in order to investigate its influence on the current (Hs) 
between the source (s) and drain (d) electrodes. Before the deposition of 
molecules, all devices were tested to verify that the channel was insulated 
(resistance =100 GQ.). The current-voltage characteristic (Ids-Vds) of the 
protein transistor under forward drain-source bias (Vds) exhibits a low- 
current plateau at low field and then rises up to hundreds of pA as shown 
in Fig. 4a. 

The room-temperature drain-source current as a function of the gate 
potential, for Vds = 5.5 V, is displayed in Fig. 4b. The transfer 
characteristic exhibits a pronounced resonance with a bell shape centred at 
V=1.25V. In this region, the transconductance changes from positive to 
negative values. The peak to valley ratio and the FWHM are 2 and 0.3V, 
respectively. This feature gradually disappears after some cycles of 
measurement due to the aging of the molecular layer, which is not 
encapsulated. 
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Fig. 4: (a) Characteristic of protein FET. 3D plot of the drain-source current as a 
function of the drain-source bias (Vds) and of the gate bias (Vg) measured in the 
dark and at room temperature, (b) Transfer characteristic of protein FET. 

These results originate from the unique transport mechanism of our 
biomolecular devices. Redox proteins devices are very different from 
standard inorganic semiconductors. Silicon MOSFETs and thin-film 
transistor (TFTs) are based on a gate field modulating the width and the 
conductance of a semiconducting channel. In proteins, the long range 
electron transfer (FT), which represents one of the key processes of living 
systems involved in photosynthesis and respiration, occurs between a 
donor (D) and an acceptor (A) site. Two different models for ET have 
been proposed [12], i.e. a superexchange mechanism (consisting of direct 
quantum tunneling between the donor and acceptor) or a sequential 
(incoherent) hopping between adjacent sites. 

The transport of electrons through systems containing redox sites 
occurs via electron hopping from one reduced (Cu(I)) molecule to an 
adjacent oxidized (Cu(II)) molecule [13]. Therefore, the presence of two 
adjacent Az molecules in the Cu(I) and Cu(II) redox states is required to 
have current flux between two planar electrodes. Since the protein is 
chemisorbed onto the Si 02 surface with the natural electron transfer route 
- which joins the copper site to the disulfide-bridge - almost 
perpendicular to the surface, we believe the vertical field applied along 
this direction (due to Vg) modifies the oxidation state and induces a 
change in the equilibrium of the redox reaction, thus modilying the 
balance between the two populations. As a consequence, the current as a 
function of Vg is maximum when the populations of protein in the Cu(II) 
and Cu(I) state become equals, otherwise the current is lower. This 
phenomenological model explains the presence of the resonance in the 
transfer characteristics shown in Fig. 4b. 





4. DEVICES AGEING AND DEGRADATION 
ANALYSIS 
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Finally, the issues of device reproducibility, aging and lifetime must be 
addressed for molecular electronics [14,15,16]. Among all the fabricated 
nanodevices, only a limited group exhibited a clear gate effect, whereas in 
the others significant current fluctuations and failure occurred. Inspection 
by means of scanning electron microscope demonstrated that the failure 
was primarily due to the electrode burning and possibly metal electro- 
migration during operation. Two main phenomena concerning device 
damage can be distinguished: (1) nanojunctions can blow up due to the 
local heating during the current flow or (2) the formation of various 
aggregates can be observed on the contacts . When we apply a bias, a very 
high electric field arises between the nanoelectrodes, due to the small tip 
separation and to the drastic change in the dielectric constant at the 
interface between Si02 and the metal. The very intense electric field, 
combined with the low adherence of the metal layer, favours the diffusive 
movement of metal mass. We found an experimental relationship, 
according to which for increasing contact separation the activation voltage 
for the device damage increases (as expected from a field or current 
related phenomenon) with a nearly linear trend. Typical values ranged 
from ~4 V at 50 nm to ~7 V at 300 nm. The extrapolated linear regression, 
however does not intersect the origin, so predicting a nonzero activation 
voltage for shot-circuited contact pairs. Clearly, the phenomenon can no 
longer be treated in terms of macroscopic quantities such as the voltage 
and gap width - or, which is equivalent, the average electric field. Instead, 
a more accurate analysis of the local relevant quantities is required, in 
particular the local electric field, current density and temperature. The 
simulations where performed solving the Poisson conductive media 
equation, by the commercial finite element code FEMLAB. In particular, 
we simulated contact pairs with different separations ranging from 40 to 
300 nm. The voltage applied to each configuration was taken according to 
the linear interpolation of the experimental data; then the electric field in 
air and current density inside gold were analyzed, to find recurring values 
or at least orders of magnitude related with breakdown. A thermo- 
electrical simulation allowed to exclude any significant temperature 
increase (temperature differences were always less than IK); therefore we 
concluded that heating could not be the primary cause for breakdown. The 
electric field was analyzed in the highest intensity region in air, to 
evaluate its possible effect on the molecular material. We took as high 
intensity region (or hot-spot) the one in which the electric field intensity 
values were always bigger than the 75% of the maximum of electric field 
probability distribution. The spatial average for the electric filed values 
was computed in this region. 

Current density too was spatially averaged over its hot-spot (visible in 
Fig. 5a, inside one contact), defined as for the electric field but this time 
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located inside the gold contact. However, the spot is near the tip’s end, 
where current lines concentrate, while some samples look spoiled also far 
from the sharp part; thus, we spatially averaged the current density also 
over the whole contact. 




Fig. 5: (a) Current density hot-spot at the far end of the gold tip (magnitude in Am" 

^); the other visible region is the Si02 layer (air and Si are modeled, but not 
rendered in this color map). (b)Average current density in the hot-spot (triangles) 
and over the whole tip (stars) with interpolating curves 

In Fig. 5b we report the results for current density, averaged over the hot- 
spot (triangles) and whole tip (stars). The hot-spot density decreases with 
increasing contact separation, with a steeper slope in the first part and 
getting asymptotically closer to a plateau, in the second part; a knee could 
be located around 100 nm. The reason for this non-uniform descent is that, 
with small contact separation, the current density distribution around one 
tip is greatly affected by the distance from the other tip; ‘far’ contacts, on 
the other hand, asymptotically resemble a single tip configuration. The 
electric field-vs. -separation curve (not reported) looks qualitatively 
similar. The situation is different with current density averaged over the 
whole tip, where the dependence on the contact distance is less 
pronounced. This behavior means that the applied voltage-vs. -separation 
law, obtained by the experiments, is the result of a nearly constant mean 
current density in the contact. These results provide an indication that 
breakdown is triggered by a critical level of current density. According to 
our simulations, such level should be fixed between 300 and 400 A/m^. 
These values cannot generate an electromigration proces, since the typical 
current densities involved are at least 10 orders of magnitude larger [17] 
than the one we found. The most likely explanation is that current triggers 
a chemical etching of the contacts, possibly starting from ‘weak points’ 
such as bubble defects in the metallic electrodes [18]. This process can 
cause the contact to blow up and the degradation of the molecular layer. 
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5. CONCLUSIONS 



In conclusion, we demonstrated a transistor based on a deoxyguanosine 
derivative and a protein FET exploiting the redox and self-assembly 
properties of the metallo-protein azurin, both operating at room 
temperature and ambient condition. The novelty of both the active material 
and the transport mechanism makes such devices very interesting for 
molecular electronics application. 
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Abstract: Polyphosphazenes form novel class of inorganic polymers 
having backbone composed of phosphorous and nitrogen atoms with each 
phosphorous atom bearing two organic or organometallic groups. The 
side groups on phosphorous atoms play a crucial role in determining the 
properties of corresponding polyphosphazenes. Thus, polymers with 
unusual thermal, electrical, optical, electrolytic conductivity, 
electroactivity, oxidative stability, biocompatibility and biodegradability 
have been synthesized by the incorporation of appropriate side groups. 
Many of these polymers have been identified as excellent candidates for 
biomedical and high technological applications. Polymeric nanofibers due 
to their very high surface area, remarkable surface properties and superior 
mechanical properties are assuming great interest lately. We have 
demonstrated that nanofibers of polyphosphazenes can be prepared by 
electrospinning wherein submicron sized fibers are produced from an 
electrostatically driven jet of polymer solution. The diameter as well as 
the morphology of the resulting fibers can be efficiently tuned by varying 
process parameters such as viscosity of the solution and potential gradient. 
By combining the advantages of nanoscale fibers with the unusual 
property profile available with polyphosphazenes, novel materials with 
excellent properties can be developed. 

Keywords: Polyphosphazene, nanofibers, biodegradable. 



1. INTRODUCTION 

Nanotechnology is an emerging field which uses the principles of 
science and engineering to fabricate materials or structures of dimensions 
in the nanometer scale [1]. The great interest in nanoscale materials spur 
from the unusual and unique property profile these materials exhibit 
compared to macromaterials. Novel physical, chemical and biological 
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properties such as unique shape, orientation, surface chemistry, topology 
and reactivity exhibited by these materials originate from their small 
dimensions. These material properties translate into unusual electrical, 
optical, magnetic, mechanical, thermal and biological properties for these 
materials. Some of the nanostructures or nanoscale materials currently 
under investigation include quantum dots and wires, nanoscale self- 
assemblies and thin films, nanocrystals, nanotubes, nanowires, nanorods, 
nanofoams, nanospheres and nanofibers. Almost all the classical 
materials available such as metals, nonmetals, ceramics, organic 
molecules, organometallics, polymers, biomolecules and composites are 
actively being investigated for developing these nanoscale materials. 
Some of the next frontier areas that will benefit from these nano scale 
materials include nano electronics [2], nano electromechanical devices [2] 
and nano optical devices [3]. 

Among the nanostructures discussed above, nanofibers form one of the 
most extensively investigated areas recently [4]. The word nanofiber 
refers to fibrous structures usually made of carbon, organic polymers or 
organometallic polymers with diameter less than one micrometer. This 
review however, focuses on polymeric nanofibers. Literature shows that 
polymeric nanofibers can be fabricated using various processing 
techniques such as drawing [4,5], self assembly [4,6], template synthesis 
[4,7], phase separation [4,8] and electrospinning [4]. Among these, 
electrospinning is the most general and simplest technique that can be 
used to fabricate polymeric nanofibers. The process of electrospinning, 
initially called electrostatic spinning was first studied by Zeleny in 1914 
[9]. The process for developing polymeric fibers via electrostatic spinning 
was first patented by Formhals in 1934 [10]. Even though there are 
literature evidences showing work in this area from 1934 onwards, the 
past few years has seen a renewed interest in polymeric nanofibers and 
hence the process of electrospinning. This can be attributed to the recent 
tremendous growth in nanotechnology and also electrospinning forms the 
simplest and inexpensive way to create ultrafme polymeric fibers. 

In electrospinning, a non woven mat of polymeric nanofibers will be 
created from an electrostatically driven jet of polymer solution. Scheme 1 
shows a general representation of an electrospinning apparatus used to 
create polymeric nanofibers. The three basic elements of an 
electrospinning system consist of a high voltage supply (5-40kV), a source 
electrode and a grounded collector electrode and a capillary tube with a 
needle of small diameter. Both polymer solution as well as polymer melt 
can be used to create nanofibers by the process of electrospinning. 
Briefly, in electrospinning the high voltage electric field is applied to a 
polymer droplet held by surface tension at the end of the needle. During 
this process, the polymer droplet gets charged and mutual charge 
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Scheme 1. Schematic representation of electrospinning apparatus 



repulsion within the droplet will give rise to a force that opposes the 
surface tension. At a critical voltage, the droplet elongates to form a cone 
called Taylor cone at the tip of the needle [11]. When the applied voltage 
exceeds the critical voltage, the electrical force within the liquid 
overcomes the surface tension forces and a fine jet of polymer emerges 
from the cone. The viscosity of the polymer solution/melt is very crucial 
in producing nanofiber from the emerging jet. In the case of solutions 
with low viscosity, the emerging jet breaks into droplets due to surface 
tension and the process is called electrospraying. However, in the case of 
high viscosity solutions, the emerging jet does not break into droplets. 
The charged polymer jet will be directed to the grounded electrode and it 
has been found that the path taken by the jet to the grounded electrode is 
not straight instead it undergoes a whipping motion resulting in a 
progressive decrease in the diameter of the jet. As the jet travels in air, the 
solvent evaporates, leaving behind a charged polymer fiber which is 
collected as a non woven mat on the collecting screen. 

Several parameters affect the process by which polymer solutions are 
converted into nanofibers. As discussed before the viscosity of the 
solution plays a very important role in the formation of nanofibers from 
polymer solutions. The parameters that affect electrospinning can be 
broadly classified into 1. polymer solution parameters such as viscosity, 
conductivity/polarity and surface tension of the solution, 2. process 
parameters such as applied electric potential, the distance between the 
needle tip and the collecting screen, size of the needle tip, feed rate and 
the hydrostatic pressure applied to the polymer solution and 3. ambient 
parameters such as temperature, air velocity and humidity of the 
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electrospinning chamber [4,12,13] . Studies are currently undergoing to 
develop mathematical models that could possibly predict the effect of 
these parameters on the electrospun polymer fibers [4, 14]. 

The characteristics of electrospun nanofibers that are of great interest 
are the fiber diameter and the surface morphology. It has been found that 
the fiber diameter obtained by elecrospinning depends on the viscosity of 
the polymer solution as well as the electrical potential applied. 

More than about 40 different polymers (natural and synthetic) have 
been electrospun so far [4]. However, studies show that the 

electrospinning parameters for each of these polymer systems varies 
depending on the polymer as well as the nature of the solvent system used. 
So parameters should be optimized for each polymer system. Moreover, 
conventional electrospinning process always results in the formation of 
nonwoven mat with no orientation. Attempts are currently underway to 
develop uniaxial polymer fiber bundles via electrospinning even though it 
is a difficult target to achieve due to the whipping motion of the polymer 
jet during spinning [4,15,16]. 

The properties of nanofibers such as fiber diameter, diameter 
distribution and surface morphology are usually characterized using 
scanning electron microscopy (SEM) [4]. Other techniques employed for 
fiber characterization include transmission electron microscopy (TEM) 
and atomic force microscopy (AFM). The surface chemistry of the electro 
spun nanofibers can be determined by techniques such as X-ray 
photoelectron spectroscopy (XPS), contact angle measurements and by 
Attenuated total reflectance Fourier transform infra red spectroscopy 
(FTIR-ATR). The structures of the polymer molecules within the 
nanofibers can be characterized by Fourier transform infra red 
spectroscopy (FTIR) and Nuclear magnetic resonance (NMR). The 
formation of thin polymer fibers from polymer solution usually changes 
the orientation of polymer chains. The configuration of the polymer 
chains in the nanofiber is usually determined by differential scanning 
calorimetry (DSC), wide angle X-ray diffraction (WAXD) and optical 
birefringence. 

2. APPLICATIONS OF POLYMERIC NANOFIBERS 

Due to the very small diameter of the polymer fibers obtained by 
electrospinning, the surface area to volume ratio of the fibers is 
significantly high. The nonwoven mats formed from nanofibers have very 
small pore sizes, however, the total porosity of the mats will still be very 
high. This makes them excellent candidates for use in filtration and 
membrane application. Due to the high filtration efficiency, the polymer 
nanofiber based filtration devices are now commercially developed for 
industrial air filiations, as filters for gas turbine generators and filters for 
heavy duty engines. Recently it has been demonstrated that the filtration 
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efficiency of these membranes can be increased by using charged fibers 
which would modify the electrostatic attraction of the particles [17]. 

Electrospinning has the potential to develop into the future fabrication 
process for developing protective clothing. Optimal protective clothing 
should satisfy properties such as it should be permeable to both air and 
water vapor, should be reactive with toxic gases and chemicals, should be 
insoluble in solvents and should have light weight. As discussed before 
due to very small pore size of the nanofiber mats, they provide an 
impermeable barrier to toxic chemical agents. Also the high surface area 
to volume ratio of the nanofibers enables them to form light weight fabrics 
with remarkable breathing properties [18]. 

Due to the simplicity and versatility of the electrospinning process, 
conductive fibers can be fabricated from polymers with unusual electrical, 
electronic, ionic, photoelectric and piezoelectric properties. These fibers 
could be used in the fabrication of novel nanoelectronic devices, 
nanoelectronic machines and sensors for high technology applications 
[19]. 

Another actively investigated area of application of polymeric 
nanofiber is the biomedical field [4]. Both non degradable and degradable 
polymers have been investigated for various applications. As early as 
1977, it has been proposed that non degradable polymeric nanofibers can 
be used for developing prosthetic medical devices such as blood vessels 
and vascular grafts [20]. Recently it has been shown that electrospinning 
can be used to create porous thin films with structural gradients and 
controlled morphology on prosthetic devices in order to facilitate the 
integration of the devices with the body and thereby enhance their 
biocompatibility. Another potential medical application of non woven 
polymer nanofibers is in the area of tissue engineering. The role of 
biomaterial in tissue engineering is to act as a scaffold for the cells to 
attach to and organize into tissue. The ideal tissue engineering scaffold 
should mimic the extracellular matrix, the natural abode of cells. The 
structure and morphology of non woven nanofiber mats closely match the 
structure of extracellular matrix of natural tissue. Studies have shown that 
cells seeded on biodegradable polymeric nanofiber mats can attach, 
proliferate and maintain their phenotype expression [21,22]. 
Development of nanofiber based three dimensional scaffolds using 
various biopolymers and synthetic biodegradable polymers has currently 
become an active area of research. Polymeric nanofibers have also been 
investigated as novel wound dressing and as haemostatic devices [4]. The 
high surface area of the nanofiber matrix allows oxygen permeability as 
well as prevents fluid accumulation at the wound site. On the other hand, 
the small pore size of the matrix efficiently prevents bacterial penetration 
making them ideal candidates for wound dressings. Further, flexibility of 
the electrospinning process allows co-spinning polymers with drugs or 
proteins thereby making the non woven nanofiber mat as a drug delivery 
matrix which could enhance wound healing. 
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3. POLYPHOSPHAZENES 

The wide range of organic polymers developed from petrochemical 
sources has undoubtedly contributed to the advancement of modem 
science and technology. However, materials with better physical, 
chemical, mechanical and biological properties are constantly in demand 
to tune with the requirements of modern technology. The advancement in 
synthetic organic chemistry and development of novel polymer synthetic 
routes provide us with a wide array of organic polymer with wide 
spectmm of properties. However, the organic polymers are associated 
with some innate drawbacks [23]. Most of the organic hydrocarbon based 
polymers have low oxidative stability, low resistance to temperature and 
organic solvents, low fire and light resistance and most of them except 
polyanilines have low electrical conductivity. In the biomedical field, 
even though organic polymers are extensively investigated as candidates 
for various applications, the performance of most of them are far less than 
optimal. The low thermal, optical and oxidative stability of organic 
polymers can be attributed to the presence of aliphatic C-C and C-H bonds 
present in these polymers. On the other hand, inorganic materials such as 
ceramics combine the properties of high thermal and oxidative stability, 
high solvent resistance and exhibit high mechanical strength and 
biocompatibility. However inorganic systems are often associated with 
high brittleness and low processability. Logically, the development of 
inorganic polymers with organic substituents is one way to solve most of 
the problems posed by organic polymers and inorganic materials. Main 
group elements of group III, IV, V and VI such as aluminum, silicon, 
phosphorous, sulfur, germanium, arsenic and selenium are ideal 
candidates for hetero atom polymer formation and these elements can 
form bonds with other elements which have longer bond lengths than that 
formed by carbon [24] . The longer bond length in these polymers could 
impart high flexibility to these polymers compared to organic polymers. 
The search led to the development of the first synthetic inorganic polymer 
poly(organosiloxane) by the ring opening polymerization of 
organocyclosiloxanes in 1940’s. The polymer exhibits high flexibility, 
elasticity, high resistance to temperature and organic solvents, has ease of 
fabrication and biocompatibility. The initial success led to the 
development of other inorganic polymer systems such as polysilazenes, 
polysilanes, polygermanes, polystannanes and polyphosphazenes. Among 
these, polyphosphazenes form an interesting class of polymer which could 
develop as promising candidates for high technology and biomedical 
applications due to their synthetic flexibility and versatile adaptability for 
applications. 
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Scheme 2. General structure of polyphosphazene 

Polyphosphazenes are inorganic polymers having a backbone of 
alternating phosphorous and nitrogen atom and each phosphorous atom is 
attached to two organic / organometallic side groups [25]. The general 
stmcture of polyphosphazene is shown in Scheme 2. The synthesis of 
polyphosphazene involves a two step process: The first step involves the 
thermal ring opening polymerization of a cyclic trimer, 
hexachlorocyclotriphosphazene (Scheme 3; 1) in the melt at 250°C, to 
form the linear high molecular weight polymer poly(dichlorophosphazene) 
(Scheme 3; 2). This route was perfected by Allcock and Kugel in 1965 by 
carefully controlling the time and temperature of the ring opening 
polymerization [26]. The intermediate, poly(dichlorophosphazene) is 
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Scheme 3. Scheme showing the ring opening polymerization of 
hexachlorocyclotriphosphazene 



unstable due to the highly reactive phosphorous-chlorine bonds present in 
it. Consequently, the polymer rapidly hydrolyzes upon exposure to 
atmospheric moisture to form phosphoric acid, ammonia and hydrochloric 
acid. The second step in polyphosphazene synthesis is the macromolecular 
substitution reaction which involves the replacement of reactive chlorine 
atoms of poly(dichlorophosphazene) with hydrolytically stable 
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nucleophiles such as alkoxy, aryloxy or amino groups. The synthesis of 
the first hydrolytically stable, high molecular weight linear 
polyphosphazene was reported by Allcock et al in 1966 [27]. The high 
reactivity of phosphorous-chlorine bonds in poly(dichlorophosphazene) 
enables the replacement of chlorine atoms with a wide range of 
nucleophiles such as alcohols, phenols, amines or organo-metallic reagents. 



Cl 

-|-N=P- 

I 

Cl 




Scheme 4. Scheme showing the general route for synthesizing substituted 
polyphosphazenes from poly(dichlorophosphazene) 

This forms the basis of the unprecedented diversity of polyphosphazenes, 
wherein different polymers can be synthesized from a single 
macromolecular precursor. Different classes of polyphosphazenes have 
been synthesized so far by replacing the chlorine atoms of 
poly(dichlorophosphazene) by alkoxides/aryoxides, primary/secondary 
amines and organometallic reagents [25]. Scheme 4 shows the general 
route for synthesizing substituted polyphosphazenes. 

Ring opening polymerization of hexachlorocyclotriphosphazene results 
in high molecular weight poly(dichlorophosphazene) with broad 
polydispersities. Attempts were therefore made to develop 
poly(dichlorophosphazene) with controlled molecular weight and narrow 
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polydispersity since it is the intermediate from which almost all the 
polyphosphazenes are currently being made. Thus, an ambient temperature 
method to synthesize poly(dichlorophosphazene) intermediate with precise 
molecular weight control and narrow polydispersities by living cationic 
polymerization of phospharanimines was developed by Allcock et al. [28]. 
One advantage of the living cationic polymerization route is that the living 
sites at the ends of the polymer chain offer the possibility for the formation 
of block co-polymers either with other phosphazene monomers or with 
organic monomers [29]. In addition to the two step synthetic route 
described above a direct synthetic route for polyphosphazenes has also 
been attempted by Allcock et al. It involves the ambient temperature 
polymerization of mono- and di-substituted organophosphoranimines such 
as PhCljP^NSiMes induced by PCI5 [30]. 

As in the case of other inorganic polymers discussed before, one 
versatile property of polyphosphazenes is their unusual backbone 
flexibility which arises from the torsional and angular freedom within the 
-P-N- skeletal system. Unlike organic systems, the conjugated double 
bonds in polyphosphazenes are made up of dtt-pTt bonds which do not 
impose severe conformational restrictions upon the molecule since any 
one of the five phosphorous 3d orbitals can 7t bond to the nitrogen p- 
orbitals [31]. 

Due to the innate skeletal flexibility, the steric and polar interactions of 
the side groups determine the polymer flexibility and the resulting 
physico-chemical properties [32]. This offers the opportunity for 
synthesizing polymers with wide spectmm of properties in terms of 
crystallinity, solubility, processability, hydrophobicity/ hydrophilicity and 
biodegradability depending on the nature of the side groups from 
poly(dichlorophosphazene). Another unique feature of polyphosphazene 
chemistry is the ability to incorporate two or more different side groups, 
which could add another dimension, to fine tune the properties of the 
polymer. Thus, two or more different side groups can be introduced along 
the polymer chain by simultaneous, sequential or metathetical ligand 
exchange reaction [33]. More than about 700 different polyphosphazenes 
have been synthesized so far, by varying the nature and ratios of the side 
group from a single macromolecular precursor poly 
(dichlorophosphazene) . 

The effect of side groups on the nature and properties of resulting 
pol)q)hosphazenes can be illustrated using examples as below. 
Poly[bis(trifluoroethoxy)phosphazene] (Scheme 5: polymer 3), which in 
fact is the first stable poly(organophosphazene) made, is a flexible film or 
fiber forming polymer, soluble in organic solvents and highly water 
repellent due to the presence of fluorinated side groups. It has a Tg of - 
66°C and remains flexible from its Tg to its melting point (242°C). The 
regular packing of the trifluoroethoxy side groups along the polymer chain 
imparts microcrystallinity and the polymer is thermoplastic. However, the 
polymer can be easily converted into a useful elastomer by the random 




292 



introduction of other fluoro-alcohols along with trifluoroethoxy side 
groups by simultaneous substitution or using metathetical ligand exchange 
reaction. These elastomers are potential candidates for developing 
gaskets, O-rings and low-temperature fuel lines. 

Similarly the Tg of polyphosphazenes can be increased by 
incorporating rigid, bulky side groups which will restrict the main chain 
mobility, the extent of which depends on the nature and size of the side 
groups. The highest Tg pol}q3hosphazene synthesized so far is the 
polymer (Scheme 5: polymer 4) with a phenyl phenoxy side groups (Tg 
93°C). Incorporation of phenoxy side groups along with phenyl phenoxy 
side groups (Scheme 5: polymer 5) by sequential macromolecular 
substitution significantly decreases the Tg of the polymer (Tg 43 °C) [34]. 

The alkoxy and aryloxy polyphosphazenes discussed above are soluble 
in organic solvents. However, the hydrophilicity of polyphosphazenes can 
be significantly improved by incorporating hydrophilic side groups such 
as amino groups or alkoxy groups such as polyethylene glycols/glyceryl 
groups. All the amino phosphazene polymers are film forming 
thermoplastic polymers with Tg usually higher than alkoxy and aryloxy 
derivatives. This can be attributed to inter and intra molecular hydrogen 
bonding possible with these groups which consequently reduce the 
torsional mobility of the phosphazene backbone. Some of the amino 
phosphazenes are soluble in aqueous media rather than organic solvents. 

The development of amino acid ester polyphosphazenes paved the 
way for a new class of polyphosphazenes called biodegradable 
polyphosphazenes [35]. Biodegradable polymers are those which degrade 
in vitro and in vivo either into products that are normal metabolites of the 
body or into products that could be completely eliminated from the body 
with or without further metabolic transformations. The biodegradable 
polyphosphazenes undergo hydrolytic degradation resulting in neutral and 
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Scheme 5. Stractures of various polyphosphazenes 

non toxic degradation products such as phosphates, ammonia and 
corresponding side groups. It has been found that a variety of aminated 
and alkoxy side groups can impart biodegradability to polyphosphazenes. 
Biodegradable aminated polyphosphazenes include polyphosphazenes 
with side groups such as amino, amino acid ester and imidazole. The rate 
of degradation of these polymers depends on the nature of the side groups 
with imidazole substituted polyphosphazenes being the most 
hydrolytically sensitive phosphazene synthesized. In the case of amino 
acid ester substituted polyphosphazene the rate of degradation depends on 
the nature of the ester groups and the a-substituents on the amino acid 
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ester. Further, it has been demonstrated by Laurencin et al that the rate of 
degradation of amino acid ester substituted polyphosphazenes can be 
further modulated by incorporating hydrolytically less sensitive aryloxy 
groups along with the amino acid ester polyphosphazenes. Thus, it is 
possible to control the rate of degradation of the polyphosphazenes over 
periods of hours, days, months or years by carefully controlling the nature 
and composition of side group substituents. The biodegradable alkoxy 
substituted polyphosphazenes are those which have side groups such as 
glyceryl, glycosyl and glycolic or lactic acid esters. 

4. BIOMEDICAL APPLICATIONS OF 
POLYPHOSPHAZENES 

The high biocompatibility of polysiloxane, the first commercially 
developed inorganic polymer raised interest in this class of polymer as 
biomaterials. The fluorinated polyphosphazene 

poly[bis(trifluoroethoxy)]phosphazene (polymer 3) due to its resemblance 
to Teflon® a biocompatible organic polymer is the first polyphosphazene 
investigated as a biomaterial. The blood compatibility of polymer 3 
(Scheme 5) was investigated by Welle et al by coating the polymer onto 
various surfaces [36]. The study showed the high blood compatibility of 
polyphosphazene 3 (Scheme 5), and this has been attributed to the 
preferential adsorption of albumin on the surface as well as the lack of 
denaturation of the adsorbed protein on the surface of polymer 3 (Scheme 
5). The excellent biocompatibility of many of these polymers has been 
established by intramuscular implantation in a rat model [37]. Another 
class of polyphosphazene extensively investigated for biomedical 
applications is the aryloxy phosphazene (Scheme 5: polymer 6). The high 
chemical stability of phosphorous-nitrogen backbone coupled with the 
ease of functionalizing the aromatic side groups makes aryloxy 
phosphazenes excellent candidates for surface modification and as 
substrates for immobilizing biologically active molecules [38]. Thus, 
sulfonated polyphosphazenes have been developed from aryloxy 
phosphazenes which showed high blood and cytocompatibility in vitro 
[39]. Attempts were also made to develop the blood compatibility of 
aryloxy polymers by incorporating the biologically active molecule 
heparin on the surface [40]. The heparin immobilized polyphosphazene 
showed prolonged blood clotting time which is several-folds higher than 
the unheparinized polymer. The ease of functionalization of aryloxy 
phosphazenes makes them preferred candidates for developing carrier 
matrices for chemotherapeutic drugs as well as other biologically active 
agents. Several prototypes for chemotherapeutic agents were developed 
by Allcock et al. based on polyphosphazene carriers [41]. 

Biodegradable polyphosphazenes such as amino acid ester 
polyphosphazenes are perhaps the most extensively investigated 
polyphosphazenes for biomedical application. One of the active area of 
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research in biomedical field where biodegradable polymers find 
application is in developing controlled drug delivery systems. The 
controlled drug delivery systems are aimed to achieve effective therapies 
using a drug by partially or completely eliminating the potential for under 
or overdosing of drugs commonly associated with traditional drug 
administration. The synthetic flexibility and non toxicity of degradation 
products makes polyphosphazenes potential candidates for the 
development of polymer drug conjugates [35]. Several biodegradable 
polyphosphazene drug conjugates were developed which include steroids 
such as dexoestrone, estrone and 17 [3-estradiol, anesthetics such as 
procaine and chloroprocaine as well as anti-inflammatory drugs such as 
naproxen have been immobilized and released in a controlled manner by 
the hydrolytic degradation of the backbone. 

Polymeric monolithic drug delivery systems where in drug is dispersed 
though out the matrix polymer is the most extensively investigated 
controlled drug delivery system so far. The rate of drug release from such 
as system depends on a multitude of factors such as nature of the polymer 
matrix, matrix geometry, nature of drug, initial drug loading and drug- 
matrix interaction if any [42]. Most of the initially developed monolithic 
devices were two dimensional (2-D) matrices where, drug is dispersed in a 
thin film of the polymer. However, the 2-D matrices suffer from the 
disadvantage that they need to be implanted in the body. Therefore, 
various other dosage forms such as microspheres and nanospheres were 
later developed which could be administered via parenteral routes. The 
microsphere based drug delivery system has been extensively investigated 
for the controlled delivery of various drugs such as anti-inflammatory 
agents, anticancer agents, antibiotics, hormones, steroids and vaccines. 
Many of these delivery systems are currently available in the market. In 
order to form an ideal candidate for developing a drug delivery system, 
the polymer should be biodegradable, degradation products should be 
non-toxic, have appropriate solubility, ease of fabrication and have 
appropriate degradation rate. Biodegradable polyphosphazene due to its 
synthetic flexibility and neutral and non-toxic nature of the degradation 
products has the potential to develop as an ideal candidate for fabricating 
drug delivery systems [35]. The initial studies using monolithic 
polyphosphazene drug delivery systems were carried out by Laurencin et 
al.[43]. The copolymer poly[(imidazolyl)(p-methyl 

phenoxyjphosphazene] was used to develop a delivery system for 
progesterone and the efficacy was evaluated in vitro and in vivo using a rat 
model. The rate of release of the drug from these matrices was modulated 
by varying the ratio of the imidazolyl and p-methyl phenoxy groups in the 
polymer. It has been found that increasing the amount of imidazolyl side 
groups in the polymer significantly increases the rate of degradation of the 
polymer and consequently the release of drug from the matrix. Followed 
by this several monolithic drug delivery systems for anti-inflammatory 
agents and antibiotics have been developed using various amino acid ester 
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polyphosphazenes. The high solubility and processability allows the 
fabrication of these polymers into microsphere monolithic devices using 
various processing techniques such as emulsion/solvent evaporation or 
solvent emulsion/extraction-evaporation and spray drying [44]. 

Due to its high matrix permeability, biodegradable polyphosphazenes 
can form potential candidates as protein delivery vehicles [35]. The 
feasibility of using polyphosphazenes as delivery vehicle for 
macromolecules was first demonstrated by Laurencin et al using 
poly[(imidazolyl)(p-methyl phenoxy)phosphazene] and bovine serum 
albumin (BSA) as the model drug [43]. Controlled delivery of various 
macromolecules such as insulin, inulin and dextran has been investigated 
so far using different biodegradable polyphosphazenes [35]. 

Over the last decade considerable efforts are going on to 
engineer/develop tissues in vitro which can specifically meet the needs of 
individual patients to circumvent the problems associated with autografts 
and allografts. Tissue engineering is now considered as a novel 
therapeutic strategy to repair or reconstruct damaged tissues or organs. 
Tissue engineering has been defined as the application of biological, 
chemical and engineering principles towards the repair, restoration or 
regeneration of living tissues using biomaterials, cells and factors alone or 
in combination [45]. Biodegradable polymers are usually employed as 
biomaterials in tissue engineering. The role of the biomaterial is to 
provide a three dimensional scaffold onto which cells can grow and 
organize into tissue. The biomaterial should satisfy certain criteria to be 
considered as appropriate candidate for tissue engineering applications. 
The material should be biocompatible and have appropriate mechanical 
properties to provide structural support to cells, depending on the 
corresponding tissues to be developed. The rate of degradation of the 
polymer is also very crucial and should match the rate of matrix synthesis 
in vitro/in vivo by the cells. The processability of the material in order to 
form a 3-D matrix is also important, since the volume of tissue that can be 
developed using the scaffold depends on the pore size and pore tortuosity 
of the matrix developed. The wide range of degradation rate, wide 
spectmm of properties, ease of processability and the neutral and non- 
toxic degradation products of polyphosphazenes make them potential 
candidate as scaffolds for tissue engineering. 

The first attempt towards using biodegradable polyphosphazenes for 
tissue engineering was carried out by Laurencin et al [46]. They 
investigated various amino acid ester polyphosphazenes as candidate 
materials for bone tissue engineering. It has been found that the rate of 
cell adhesion and proliferation significantly depends on the nature of the 
side groups present and rate of degradation of the polymer. Thus the rate 
of adhesion of osteoblasts on the homopolymer poly[bis(ethyl 
glycinato)phosphazene] was found to be low even though the polymer as 
well as the degradation products was found to be non- toxic to cells. This 
has been attributed to the high rate of degradation of the polymer. 
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However, by modulating the degradation rate of ethyl glycinato polymer 
by incorporating hydrolytically less sensitive groups such as p-methyl 
groups in polymer poly[(ethyl glycinato)(p methyl 
phenoxy)phosphazene], the rate of cell adhesion was found to be 
significantly improved [47]. In many formulations, the number of cells 
present on polyphosphazenes was found to be higher than tissue culture 
polystyrene (TCPS). The ease of processability of these polymers was 
demonstrated by developing a three dimensional (3-D) matrices of 
poly[(50% ethyl glycinato)(50%p-methyl phenoxy)phosphazene] via salt 
leaching. After 21 days of incubation of osteoblast like cells (MC3T3-E1) 
on 3-D and 2-D matrices as well as TCPS, the number of cells on the 3-D 
matrices were found to be significantly higher than that found in 2-D 
polyphosphazene matrices as well as TCPS [48]. The high in vivo 
osteocompatibility of the above mentioned polyphosphazenes were 
demonstrated using a 5 mm defect model in rabbit [49]. Other 
biodegradable polyphosphazenes investigated for tissue engineering 
application includes poly[bis(ethyl alanato)phosphazene] and poly[(ethyl 
alanato)( imidazole)phosphazene] as conduits for nerve regeneration and 
poly[(80% phenyl alanine ethyl ester)(20% imidazole)phosphazene] for 
guided tissue regeneration in the periodontal cavity [50]. 

5. NANOFIBER MATRICES FOR TISSUE 
ENGINEERING AND DRUG DELIVERY 

As discussed earlier, the architecture of non woven nanofiber matrices, 
due to their structural similarity to natural extracellular matrix could 
present an ideal substrate on which cells can adhere, proliferate and 
organize into tissue. Further, the high surface area to volume ratio of the 
fibers can lead to high rates of delivery of drugs or bioactive molecules 
from these matrices making them potential candidates for developing 
controlled drug delivery systems. In our initial studies we have used a 
commercially available FDA approved biodegradable polymer 
poly(lactide-co-glycolide) (PFAGA) to develop nanofiber based devices 
for tissue engineering and drug delivery. Nanofibers of PFAGA were 
prepared by the process of electrospinning discussed earlier, using a 
solvent system consisting of 1 : 1 tetrahydrofuran and dimethylformamide 
[21]. Ultrafme fibers of diameters in the range 500-800 nm were obtained 
by the process. Figure 1 shows the SEM of electrospun non woven mat 
of PFAGA. 
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Figure 1. SEM showing the nanofibers of PLAGA 

[Reprinted from Li et al (21) ] 

The mechanical properties of the electrospun non woven mats of PLAGA 
were evaluated and have been found to be comparable to those of human 
cartilage and bone. The ability of cells to attach and proliferate on the 
scaffold was evaluated using mouse fibroblast cells. It has been found 
that the macroporous nanofibrous structure, due to the high surface area, 
allows for high cell adhesion and proliferation. Figure 2 shows the SEM 
of mouse fibroblast cells on PLAGA nanofiber mat after 3 days of culture. 
However, it has been found that by 7 days of culture, the cell number 
plateau on the PLAGA nanofiber scaffolds. According to the authors, one 
possible reason for this observation is that the acidic degradation products 
of PLAGA may be hindering the cell proliferation. The nanofiber 
stmcture, due to the high surface area to volume ratio, would significantly 
increase the rate of degradation of the polymer. This would decrease the 
local pH of the environment due to the acidic nature of PLAGA 
degradation products. 

This shows the pressing need to develop novel biodegradable polymer 
systems which degrade to non toxic degradation products, for the 
development of nanofiber based matrices for biomedical application. 
Biodegradable polyphosphazenes due to the non-toxic and neutral 
degradation products and other versatile properties discussed earlier could 
form a potential candidate for developing nanofiber based scaffolds for 
tissue engineering. We have recently demonstrated (US Patent pending) 
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Figure 2. SEM showing the mouse fibroblast cells on PLAGA nanofiber mat 
developed by electrospinning after 3 days of culture [Reprinted from Li et al (21) ] 



the ability to develop nanofibers from a wide range of non degradable and 
degradable polyphosphazenes via electrospinning. It has been found that 
diameter and morphology of the resulting fibers depends on various 
process and solution parameters that effect electrospinning technique as 
discussed earlier, however the optimal parameters vary with each polymer 
system. Figure 3 shows the electrospun nanofibers obtained from a non 
degradable polyphosphazene poly[bis(methyl phenoxy)phosphazene]. It 
can be seen that defect free nanofibers with smooth surface morphology 
having diameters varying from 0.5-lpm can be obtained from 
electrospinning the polymer under optimized conditions (Figure 3). It has 
been found that the same electrospinning process can be extended to other 
non degradable polyphosphazenes of biomedical interest such as 
poly[bis(carboxylato phenoxy)phosphazene] (PCPP) and 
poly[bis(phenoxy)phosphazenes]. Some of the biodegradable 
polyphosphazenes electrospun so far include various amino acid ester 
polyphosphazenes and the copolymers of amino acid ester phosphazenes 
where, the degradation rate of the polymers has been modulated by the 
incorporation of various aryloxy side groups. The electrospinning process 
also enabled us to co-spin polyphosphazenes with other polymers as well 
as low molecular weight drugs or other nanoparticulates. These 

composite nanofiber matrices will allow us to develop novel drug delivery 
systems, wound dressings or tissue engineering scaffolds based on 
polyphosphazenes for biomedical applications. 




300 




Figure 3. SEM showing the nanofibers of poly[bis(methyl phenoxy)phosphazene]. 

6. CONCLUSIONS 

Pol}q3hosphazene nanofibers which combine the versatile property profile 
and biocompatibility of the base polymer and the amazing characteristics 
of the nanostructure could form potential candidates for various 
biomedical applications. Current work is in progress in our laboratory to 
develop nanofiber matrices from polyphosphazenes of appropriate 
physical, chemical, mechanical and biological properties and evaluate 
their performance as scaffolds for regenerating a broad range of tissues in 
vitro and in vivo. 
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Abstract: This study focused on an appropriate bionanocomposite, 
containing nano-carbon, to replace the cells culture media with aim to find 
a rapid answer to staphylococcal infections this study enlarges 
implications, which the nanoparticles may have in our daily life. The 
interrelations nanoparticles - environment- microbes development are 
taken in account. 

Keywords: Bionanocomposites, nanocarbons, cell biology, environment 

1. INTRODUCTION 

The diversity of micro-particles, existent in dust or as aerosols often 
influences the microbe’s development and infectious diseases spreading. 
Micro-particles and aerosols from the industrial activity induce a large 
disease class: mines (silicoses), paper printing (the lead disease), diamond 
micro/ nano-powder (lung caverns) etc. Once with the advances in materi- 
als nanotechnology and electronic at nanometric scale have appeared a 
large class of nanopowders and nanometric devices dimensional compati- 
ble with biological structures. Accidentally or not, they escape to envi- 
ronment direct from industry, cars, or human activity. If they have or do 
not a major influence to the people healthy is the question, to which the 
scientific world is trying to find answers. It is worthy of note that nanopar- 
ticles may have an unimaginable impact on cells/microbes and viruses, 
owing to their reactivity and the photo-catalytic influence in environment. 
Nanoparticles can modify the growth rate of the microbes like staphylo- 
coccus and streptococci revealed by this contribution. The aim is to find 
useful applications with carbon nanoparticles to get timed information 
about microbes in a disease. In particular, a nanocarbon-based bionano- 
composite (BNC) for the culture cell media has been designed. Any mi- 
crobial specie involved in cutaneous pathology (a particular case) need to 
be identified, after they grow in a culture media for 24h in a thermostat at 
37°C. Further, biochemical tests and the antibiotic response assessment 
give a medical treatment. Unfortunately takes more than 2 days and clini- 
cal analysis claim a short evaluation. Also in any place, it is need to have 
a rapid evaluation of the microbial attack and their virulence. The actual 
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active media, used for the bacteria growing and identification, are com- 
plex gels with specific nutritive elements and indicators, which define if a 
microbial class is present. The species into a class need more biochemical 
investigations. The need to have a rapid response in clinical analysis im- 
pose the designing of new materials where bacteria should be seeded and 
identified in same day if not possible shorter. The bionanocomposites 
based on nanocarbons (gel-nanocarbons mixed in a proper way at 
nanometric level) speed up the microbes growing, especially aerobic bac- 
teria. They give shorter response if a baeteria colony is in development 
and specifying, by pigmentation, which kind of infection took place (in 
this case Staphylococcus Aureus). The method proved to be useful in bio- 
analytical and clinical laboratory methods for staphylococcal infection. 
The first preliminary observations when was started with nanocarbon in- 
sertion into a cell eulture media have been: microbes grow faster, the 
colonies are much more developed, different type of microbes have more 
ore less affinity to nanocarbon (carbon black and active- coal are not so 
specific in effects). At a glance seems to be nothing new than a simple 
add-on of growth centers. The earbon in forms of active -coal and carbon 
black has been used long time in drug delivery and curative aim. The 
nanocarbon resulted from laser or CVD pyrolysis is quite different as car- 
bon -black. With an apparently similarity in turbostratic organization the 
LPNC (laser pyrolysis nanocarbon) is much more rich in free bonds and 
hydrogen adsorbed on its surface. It can be defined oxygen-free NC. In 
contaet with oxygen, nanocarbons absorb large quantities becoming a 
good supplier for aerobic bacteria. Nanocarbons exist in environment 
from amorphous to fullerene -like structures and many common features 
are with the synthesizable one. Three directions arise: 1. The carbon 
nanoparticles have a major role in the interaction with living cells and 
with unpleasant microbes or viruses. 2. The carbon particles from micro- 
metric to nanometric level, dispersed in atmosphere, are compatible vec- 
tors to transport microbes and interact with the skin (an excellent natural 
culture media for microbe growing and then attack to human body). 3. 
The environment is “full” of micro and nanoparticles of different species 
compatible or not with viruses and bacteria. Each particle is a possible 
vector to transport them. Are nanoparticles benign or actives? Bionano- 
composites (BNC), special designed for culture cell media, are usefully 
instruments to analyze these kinds of nanoparticles and their role giving 
good results in much more shorter time. In our partieular case BNC were 
used to clinical diagnostic in dermatology. Many pathogen agents (bacte- 
ria, fungi, parasites) are involved and a fast and clear diagnostic is some- 
times impossible without a precise laboratory analysis. The status in this 
field eonsists of a gel media (culture media) where bacteria are grown at 
all with no specificity in identification. In next step the biochemical analy- 
sis are approached for identifications. The study one of the most aggres- 
sive pathogens, Staphylococcus Aureus (Gram-positive pathogen agent), 
given us a perspective to interrelate data with bionanocomposites based 
on different species of nanocarbons and to make a projection to environ- 
ment implications. The results with BNC based on nanocarbon species for 
microbe’s growing, implied in a large class of infectious diseases are pre- 
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sented. In addition, a collection of nanocarbon typology, with features 
close to what is finding atmosphere is given. 

2. EXPERIMENTAL DETAILS 

2,1 Nanocarbons with Compatible Featnres as Those in the 
Environment 

Carbons resulted from pyrolysis of organic precursors at moderate 
temperature (<1700° C) are usually called carbon blacks. All are under 
100 nm. They are often described as amorphous or graphitic (turbostratic 
structures). As a primary definition, they are forms with irregular ar- 
rangement of its carbon atoms and a randomized arrangement of graphene 
can be considered. Sometimes they contain polynuclear hydrocarbon 
(fused aromatic rings or interconnected rings with sp3 and spl carbon 
chains). Carbon blacks may be produced by different techniques, low-tech 
[5] (incomplete burning of hydrocarbons like methane, acetylene, oil) and 
high-tech (laser pyrolysis and thermal assisted-CVD) [5-7]. The variety of 
the synthesis techniques give results in many morphological forms of car- 
bon particles with diameters in a typical range of 10-100 nm. The multi- 
scale organization (structure, micro-texture, texture) of carbons resulting 
from pyrolysis of organic precursors at moderate temperature (<1400° C) 
is not yet fully understood, despite numerous works carried out for half a 
century. These carbons are frequently met in nature or synthesized for in- 
dustrial applications (blast furnace cokes, active carbon). The nanocarbons 
are very hard graphitizing like any amorphous carbon (over 2500°C), good 
criteria for appreciation the level of organization in its structure. Studies 
based on X-rays techniques and transmission electron microscopy (TEM), 
have introduced the concept of basic structural units (BSU) [18,19-21]. 
Such carbons described as elemental bricks were constituted by stacking a 
few aromatic layers of nanometric size. The BSU size was usually con- 
sidered as quasi-constant, in the entire carbonization temperature range. It 
must be noticed that only BSU (intuitively, sufficiently organized as 
stacks of graphene layers) give the 002 diffracted beams used in X-ray 
diffraction (XRD) or in the dark-field and lattice fringe TEM modes. The 
multi-scale organization, of nanocarbons [20], is studied over more than 
six orders of magnitude by using successively different techniques. The 
structure (organizational the atomic scale) and micro-texture (spatial dis- 
tribution of the aromatic layers) can be directly observed by HRTEM, due 
to its high-resolution mode allowing imaging the profile of the aromatic 
sheets. Table 1, sketches the most representatives nanocarbons considered 
for study with designed bionanocomposites. For convenience, there is as- 
signed carbon black (CB) that nanocarbon produced with low-tech (in- 
cluding that of engine gas exhaust or furnace) and nanocarbon that is pro- 
duced with high-tech methods (NC). Some of the representative features 
with TEM for four classes, sketched in figure 1, are as follows ; regular 
carbon black, turbostratic of laser pyrolysis with alkenes/ alkynes precur- 
sors, with polyaromatics and fullerence fragments content [6] of benzene 
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precursors produced by LP and of toluene produced by CVD. Conse- 
quently, these techniques are blind for a more or less important fraction of 
possible single layers, pore activity, biological activity. Transmission IR 
spectra recorded using FTIR spectrometers (Digilab model 2002) at a 
resolution of 4 cm ' is a good tool to appreciate the composition. The de- 
termination allows direct comparison between IR spectra of deposits ob- 
tained with different conditions of reaction and if any changes appear with 
oxidation or oxygen absorption. 



Table 1- Nanocarbons compatible with dust and aerosols of environment, used for NBC designing 



Type 


Source/method 


Main feature 


Principal components 


Regular 


Incomplete 


The surface area of blacks 


Oxygen, hydrogen, and sulfur are 


CB-R 


burning: oil and 
gases, acety- 
lenes 


used for rubber reinforce- 
ment ranges (10-150 
m2/g) when determined by 
nitrogen adsorption that 
the ultimate black particle 
have an average diameter 
of 20 to 300 nanometers. 


main impurities. Oxygen and hy- 
drogen are combined chemically 
with carbon on the surface of the 
particle. The ratio of hydrogen to 
oxygen varies with the manufactur- 
ing process. In contact (channel) 
blacks, oxygen content is 2-5% 


Pigment 


Incomplete 


Pigment-grade blacks have 


while hydrogen amounts to about 


CB-P 


burning in fur- 
nace with high 
cyclone 


surface areas of 300-500 
m2/g. 


0.5%; in furnace blacks, the oxygen 
content of the black depends on that 
of the hydrocarbon feed. 


NC-LP 1 
NC- CVDl 


Precursors eth- 
ylene, 
butadiene 


Turbostratic structures, 


Hydrogen adsorbed on surface 


NC- LP2 


Acetylene with 
sensitizer 


Turbostratic structures 


Sulfur and fluorine are in large 
quantity 


NC-LP3 

NC-CVD2 


Benzene 
Benzene, tolu- 
ene. 


Fullerene fragments in 
very small quantity. 


Multiple Polyaromatics (PAH) 



CB-R & CB-P, mixtures supplied by Research Inst for Electrical Engineering- Advanced research 
(ICPE-CA). In experiments all samples were sterilized; NC-LP, supplied by National Institute, Laser 
Plasma and Radiation (NILPRP), Bucharest; NC-CVD, soot synthesized in Diamond films, Plasma 
Polymerization &Novel Carbon lab. 



Nanocarbon samples were deposited on Si- 100 using electro-spray tech- 
nique. The IR spectra, after subtraction of the silicon substrate contribu- 
tion on samples used in NBC have had typical features: The bands can be 
assigned to CH and CC bonds, on positions well established for hydro- 
genated carbon compounds [22, 23]. Three groups are representatives. In 
the range 2700-3400 cm ' corresponds to the C-H stretching vibrations. 
The band at 3040-3050 cm-1 attributed to aromatic compounds is always 
the most intense; the C-H stretching modes (2970 and 2915cm-l) of ali- 
phatic compounds are much weaker. A second group of bands, between 
1000 and 2000cm- 1 comprises essentially the in plane vibration modes of 
aromatic CC and CH bonds. The emergent bands at 1600 and 1440 cm ' 
are due to aromatic CC stretching, symmetric and anti-symmetric ring 
modes, respectively. Both are infrared-allowed here, due to a high level of 
non-symmetric substitution in the aromatic units as expected from an ir- 
regular network of aromatic units. The in-plane bending CH modes give a 
large bump around of 1 150 cm"'. A third group of bands is found, between 
600 and 1000 cm ', characteristic of the aromatic C-H out of plane bend- 
ing modes. The large intensity of these bands shows the strong aromatic 
character of the deposits. These modes are very sensitive to the ring sub- 
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stitution and give rise to three main components according to the number 
of adjacent hydrogen atoms on a ring. 




Figure 1- Nanocarbons from different synthesis 
sources, TEM features 



D 



A. a) CB-R, scale lOOnm; b) model for CB, randomized distribution of BSU a CB sphere 
c) CB heated at 3000K, BSU- circumferential alignment, d)the graphene stacking in CB 
e) CB partial etched [11,14, 16]; B. NC-LPl-ethylene/acethylene precursors, typical 
turbostratic structures a) scale lOOnm b) 10 nm c), morphological details, d) TEM- 
phase contrast; C. LP-NC3 of benzene precursor, structure with fiillerene like multishell 
and large quantity of polyaromatics D. NC-CVD2, of toluene precursors, chained struc- 
tures of nanocarbon spherules 



The band at 752 cm ' corresponds to three and four adjacent H, the feature 
exhibiting two maxima at 839cm-l and 815 cm ' is due to two adjacent 
H, and the band at 885 cm ' is attributed to lone H. The corresponding 
summation bands can be found in the 2000-1650 cm"' region. Finally, mi- 
nor bands can be observed in the spectra, due to alkynes groups at 3290 
and 2103 cm-1, and to mono and di-substituted aromatic rings as well as 
olefin groups in the 1200-400 cm ' region. The samples NC-LP3 and NC- 
CVD2 did not present the specific lines for any type of fullerene (C60, 
1424 and 1 183cm ') but the figure 1 C and D show some similar fullerene- 
like multi-shell structures of 20-30 nm. The third band group is not well 
defined for these structures. When NCs are dispersed and sonicated in 
PSS9 (see experimental) C-H bands decreased and bands corresponding 
for three, two and mono adjacent hydrogen vanished with appearance of 
the bands centered on 1650cm ' (carbonyls group) and -OH (band cen- 
tered at 3370 cm"'). The effect was prominent in case of turbostatic struc- 
tures NC-LPl and NC-CVDl weak for NC-LP3 and NC-CVD-2 not rele- 
vant for CB-R. 
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2,2 Culture Media with Nanoearbon 

A special gel-containing agar and nutrients was selected. In the refer- 
ence sample (R) there was added 10ml physiological saline solution 9%0 
(PSS9), boiled and poured in Petri dish with all sterile conditions main- 
tained. For a fine dispersion of nanocarbons into gel, an ultrasonically in- 
strument was adapted to a heating source. In 10ml PSS9, nanocarbon was 
added for a specific weight concentration reported to the reference sample, 
R. The solution was was sonicated for 15 min at room temperature, ultra- 
filtered on G1-G3 glass and sonicated again at the same time. A very fine 
nanocarbon dispersed solution can be obtained and particles keep this 
state without coalescence or sedimentation for long time. In the reference 
sample, heated in sonic field, they poured the nanocarbon-dispersed solu- 
tion by using a milliliter syringe with continuous stirring. This stage took 
20 min. Finally, the sample is cooled at room temperature and kept in the 
same condition as the reference sample. A series of 0.01, 0.1 and 1% 
weight concentrations with nano carbons has been prepared. The nanobio- 
composites with agar-gel and nanocarbon have all the properties for a cul- 
ture cell medium. In addition to that, the nano carbon is very finely dis- 
persed in lattice without coalescence. The samples inseminated with 
Staphylococcus aureus bacteria were processed according to the bacterio- 
logical protocol: thermostat at for 24h, ambient conditions. Each 
hour, optical image microscopy inspected the samples watching the viru- 
lence of bacteria growth. 

3. RESULTS AND DISCUSSIONS 



To reduce the enormous experimental data a trial series was done in a 
concentrated formula. The interest is to set the minimum concentration 
level, with any effect, and to set a maximum level where there is any satu- 
ration or the inhibition is present. It is typical for Staphylococcus aureus 
(pathogen) in proper conditions to develop colonies with yellow citrine 
color (pigmentation gene- Table 2 Qualitative comparison of the virulence in 



sis) and it is more viru- 
lent and pathogen when 
the pigmentation gene-sis 
appears in early growth 
stages. Table2 presents 
the virulence induced by 
the three types of nano- 
carbons with the specific 
features: carbons of in- 
complete com-bustion, 



BNC by comparison with reference sample 



BNC 


0.01% 


0.1% 


1% 


CB-R 


N.O 


M 


as in R 


CB-P 


N.O 


Mto WD 


as in R 


NC-LPl 


WD 


Explosive 


Atypical Pig- 
ment genesis 


NC-LP2 


weak 


no 


no 


NC-LP3 & 


atypical 


W. D with 


Not distin- 


NC-CVD2 


shapes 


atypical pigment 
genesis 


guishable 



N.O- sample has same aspect as the reference; M- moderate 
development but colonies are not well developed ; WD- well 
developed as in R; 



turbostratic of alkenes, and aromatics (benzene, toluene), which have in 



content PAH and fullerene like fragments. Figure 2 presents some exem- 



plars of bacteria colonies grown with BNC containing nanocarbon species 



with detailed comments of table 2. 
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All BNC samples, being seeded in the same conditions according to stan- 
dard protocol, are compared to the sample R. BNC with CB-R and CB-P 
did not show any spectacular improvement in the development of fast 
growing process and no any virulence has been noticed. The analysis of 
the structure in CB-R 
(fig.lA) gives details 
of randomized 

graphene stacking in 
small units of 
crystallites. In 

graphitized samples, 
the crystallites are 
ordered with graphene 
perpen-dicular on 
radius. The oxidizing 
process in-duces 
etching of the side part 
and active centers at 
nanopore level are 
created. Some 

impurities originated 
from raw materials, 
neutralize the specific 
activity and quantity of absorbed oxygen is reduced. In all studied cases, it 




Figure. 3 The growing rate for two concentrations and the refer- 
ence. The arrow indicate the time when colonies are eye visible. 
BNC with 0.1% nanocarbon LP-1, develops in 24 h, 40 times more 
colonies than the reference. 
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is shown a reduced influence on the bacteria growth but it is not clear 
whether it is a consequence of the impu-rities or of its inertness. An inhi- 
bition effect had BNC with NC-LP2. High content of sulfur and fluorine 
due to the specific process of synthesis induce a clear poisoning of the 
bacteria. BNC with NC-LP3 or NC-CVD2 have very strange behavior. 
The bacteria colonies are developing in atypical shapes; the pigmentation 
turns to black yellow, average dimension is higher than in reference. This 
proves that staphylococcus aureus has a good affinity for poly-aromatics 
and fullerene fragments but the modification induced is not clear. BNC 
with NC-LPl 0.1% show an exceptional bacteria development. All bacte- 
ria are extremely well developed with their specific citrine yellow pig- 
mentation. By comparison this Petri dish look like one in the reference 
sample for 48-60h. An extreme virulence of the bacteria colonies has been 
evidenced. Samples with 1% NC are not so well developed. Inhibition af- 
fects such as fast oxygen consumption in early growth stage takes place. 
Aiming a fast growing culture medium, the appropriate one is NBC with 
NC-LPl. The figure 3 shows the growing rate for two concentrations and 
the reference. After 4 hours, the bacteria can be seen with the naked eye, 
samples with 0.1% and after 6-8 hours those with 0.01%. The sample, ref- 
erence, shows visible effect after 24hours. We notice that the growth rate 
with BNC with 1%NC is multiplied up to 40 times. The bioche-mical tests 
and specific coloration shows the bacteria colonies did not have any modi- 
fication. When BNC is used with NC-LP3, some atypical forms appeared 
but it was not clear which kind of modifications had been induced (fig- 
ure3, NC-LP3, 0.1% shows a yellowish center surrounded by a black 
cage). It can be appreciated that nanoparticles dispersed in the gel lattice, 
work like oxygen absorbent and as oxygen pump for aerobic bacteria. It is 
interesting to prove, for Staphylococcus aureus, whether polypeptides and 
nucleoprotein fractions, components of the antigenic structure, have the 
property to couple nanoparticles. That is possible as the above-mentioned 
bacteria have free nucleus. If they increase the adherence in contact with a 
healthy tegument, they induce the phenomena of pathogenesis or necrotiz- 
ing toxins in primary irritant dermatitis. Another aspect is that nanoparti- 
cles have the behavior of nano-electrolyte. As mentioned above, FT-IR 
spectra of the nanocarbons, after the ultrasonic processing in PSS9, show 
the presence of OH and carbonyl groups, relevant to consider it has had an 
ion exchange. That is benefic for aerobic bacteria where oxygen absorp- 
tion is needed but could have major effects when nanoparticles are in 
contact with the skin and teguments. The nano-electrolytes with hydrogen 
ions change the pH of the hydro-lipid film and the acidity of the healthy 
skin. Therefore many channels are opened to a microbial infection. 

4. CONCLUSIONS 

BNC designed, as a gel, specific nutrients and turbostratic nanocarbons 
are good culture cells medium that accelerate the aerobic bacteria growth, 
particularly Staphylococcus. 

Not all nanocarbons are good suppliers of oxygen, the turbostratic struc- 
tures proved to have this property. Nanocarbons with polyaromatic struc- 
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tures and with fullerene fragments induce some modifications, which need 
a much deeper investigation. At the superior limit, carbon black has, ap- 
parently, no major influence, but many aspects have not been considered 
yet, such as a study on the activity of different absorbed gases. BNCs de- 
signed in this study have two aspects. Firstly, with minimum conditions a 
diagnosis on an infection can be predictable in less than 6h. This is very 
important to establish the main diagnosis and the suitable antibiotic class 
for a specific treatment. Secondly the existent nanoparticles in atmosphere 
can be tested using specially designed nanobiocomposites. Micro and 
nanoparticles are in direct contact with microbes. They interfere either by 
attachment or by other uncontrolled ways. It is not excluded an inductive 
effect such as increased resistance to antibiotics. In contact with tegu- 
ments, atypical behavior and diseases are induced. 
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Abstract: Contacts and interfaces between three-dimensional and quasi- 
one dimensional stmctures may dominate charge transfer behavior in the 
nano-scale regime. Properties arise as a result of such contacts that reside 
in neither system alone. Of particular interest is when a Schottky barrier is 
formed between the metallic contact and a semiconducting one- 
dimensional (ID) nanowire. We show how current conduction is modified 
as a result of reduced dimensionality and present a model that examines the 
effect of Coulombic force on the Schottky barrier formed between a ID 
semiconductor and a metallic electrode. Using existing theories of Schottky 
contacts, we introduce a capacitively coupled charge that further modifies 
the potential profile of the interface and changes both thermionic and 
tunneling currents through such a metal- ID junction. We model changes in 
the Schottky barrier height due to a superposition of the electric field, the 
image force and this Coulombic potential. 



Keywords: Schottky Contacts, Thermionic Emission, Heterodimensional Contacts 



1. INTRODUCTION 

As new materials and techniques are discovered for use in nanoscale 
electronics, a deeper understanding of the physics at this scale becomes 
necessary. In conventional solid state devices, transitions from p to n and 
metal to semiconductor often dominate device behavior; examples include 
PN junctions, metal-semiconductor junctions and heterojunctions that can 
be used to create transistors, detectors, light emitters and many other useful 
devices'. The nanoscale regime introduces a new type of contact, a 
heterodimensional junction between materials of differing dimensions. By 
contacting a quasi-one-dimensional (ID) semiconductor to a three 
dimensional metal contact new behaviors arise due to the confined states of 
the semiconductor wire^’ One can expect these contacts to dominate 
charge transport, as contacts between materials dominate such behavior in 
bulk devices. In this paper we examine nanoscale Schottky contact 
between a metallic electrode and a ID semiconductor and investigate some 
of the expected behavior changes. In particular we demonstrate the changes 
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in the model of thermionic emission from the metallic contact to the wire 
which is quite applicable to room-temperature operation of such a device. 
We also describe a new mechanism of affecting current through this 
junction, which is not observed in bulk semiconductor contacts. By using 
an electronically isolated local gate, the height and shape of the Schottky 
barrier can be modified, thereby affecting current through the junction. 

2. HETERODIMENSIONAL SCHOTTKY CONTACTS 

Contacts between heterogeneous materials generally play a dominating 
role in most conventional semiconductor devices. One would expect that 
at the nanoscale the same to be tme. The characterization of a contact on 
the nanoscale can show significantly different properties than that of a 
bulk contact. We will address the specific case of a 3D metallic contact to 
a ID semiconducting wire. The properties of this junction, such as the 
shape of the depletion region and the current through the junctions can be 
changed due to the heterodimensional nature of the contact. Contacts to 
nanowires can be rectifying, ohmic or tunneling barriers, our interest is on 
rectifying contacts, hence what follows applies to room temperature 
operation of a diode more so than transport at Fermi level in low 
temperatures. 

2.1 Schottky or Blocking Contacts 

Formation of an energy barrier between metal and 
semiconductor upon contact has been known since the 1930’s."^’^ 
Current transport between metal and semiconductor has also been 
intensely studied^’’ although proper treatment of current conduction 
mechanisms, and effects such as the role of interface states are still 
actively debated.*’^ Schottky contacts to ID systems have also been 
studied especially as they apply to the carbon nanotube. 

Flere we outline a semi-classical treatment that can demonstrate 
expected differences between current conduction across a metal- ID 
junction compared to a metal-3D. Rectifying contacts result in 
systems of different electron affinities with current transport being 
based on kinetic energy requirements for motion from one system to 
another. Flence, in Schottky diodes thermionic emission over the 
barrier, rather than tunneling through it, is the main transport 
mechanism for semiconducting wires although it is possible that the 
latter dominates in other ID devices.'"^ In a 3D-1D contact, 
calculation of thermionic emission current proceeds similar to its 
classic derivation’ or derivation of 3D-2D by summing the flux of 
electrons with proper velocity that overcome the barrier'^ 

(1) J„ = \qv^ dn 
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Here dn is the incremental change in carrier concentration given by the 
product of the density of states (DOS) and Fermi function 
dn — {E) f (E) dE , and is carrier velocity perpendicular to the 

contact along the axis of the wire; the lower limit of the integral is the 
required minimum kinetic energy. Using Boltzmann distribution and the 
ID density of states (DOS) function, thermionic emission current is 
derived as'^ 



( 2 ) 
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where E^^ and E^^ are the first discrete energy levels due to confinement 

in y and z, respectively. This equation then describes thermionic emission 
current for a metal-lD Schottky diode. For the case of a cylindrical wire 
E^ — E^^ — E^ , and the reverse saturation current becomes 
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Equation (3) can now be compared to the 3D-2D case^ 
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or to the conventional (3D-3D) contact^ ' 
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Important differences exist between these cases. A barrier height 
increase by 2Eo is observed that for a typical GaAs system causes a current 
reduction at room temperature by about a factor of 150. The pre-factor also 
shows a linear dependence on temperature as opposed to T^ and T^^^ in 3D 
and 2D cases, respectively. Hence, there exist critical thicknesses below 
which injected current to a nanowire significantly changes in magnitude, 
turn-on behavior, saturation current and temperature dependence. 

In addition to room temperature operation of a Schottky (nano)diode, 
formation of a Schottky barrier strongly affects current transport, with 
carbon nanotubes being probably the best understood family of molecular 
conductors and closest to an ideal ID system. Recent experimental 
progress has made it clear that contacts between a nanotube and metallic 
electrodes define the properties of the resulting circuit. This is particularly 
true for single wall carbon nanotubes (SWNTs), where contact to a metal 
electrode forms a Schottky barrier.'^ '* This barrier is the critical factor that 
determines the operating characteristics of a carbon nanotube field effect 
transistor (CNFET). When the transistor is “off’, transport may be reduced 
to the level of thermionic emission (3), while in “on” state tunneling can 
draw large currents ultimately limited by quantum conductance. In above 
derivation, one dimensionality has been incorporated through inclusion of a 
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ID DOS, and quantized confined energies in two dimensions, hence we 
expect the treatment to be applicable to other wires, including polymer 
nanowires. 

3. LOCAL GATING 

The nanoscale regime also allows for new opportunities in controlling 
the behavior of junctions. It has been shown that gating in nanotube 
devices affects band bending at the contacts to control the behavior of a 
particular device'''’'^ '’. In what follows, we examine how the presence of 
charge in the vicinity of a wire can modify the electrostatic potential profile 
at the junction thus affecting the barrier height and its shape. This leads to 
significantly altering current conduction across the barrier, be it over the 
barrier as is the case of thermionic emission or through the barrier via 
tunneling processes of field emission and thermionic field emission. One 
point, also worth stressing, is that it is the small scale of nanowires that 
allows for electrostatic forces outside the wire to directly affect carriers 
within the wire. The small scale allows the electric field to penetrate and 
influence the carriers involved in conduction, unlike in bulk material where 
the electric field would be screened near the surface and not affect the 
behavior of most carriers. 

The most straightforward mechanism of introducing isolated charge in 
the vicinity of a metal- ID wire is by means of the voltage biased 
conductive tip of an AFM, as schematically shown in Figure la'’’^**’^'. If 
no current flows between the tip and the surface below, it acts as an 
isolated charge suspended over the sample. Another possibility is the 
introduction of a thin static gate. This gate could be another nanowire 
positioned perpendicular to the contacted wire and separated by an 
insulating layer, as shown schematically in Figure lb. For simplicity we 
consider a point charge and analyze its effect on conduction. 




Figure 1: Schematic of two practical systems with Coulombic interaction at the Schottky Barrier 
interface, (a) is a voltage biased AFM tip. (b) is a perpendicular gating wire separated from the 
semiconductor by an insulating layer. The AFM tip is charge contained at a point in space, while the 
wire is charge distributed over a region. 

3.1 Barrier Lowering due to Coulombic Potential 

Consider a point charge, Q, held over the semiconducting wire at height 
h and located a distance r from the carrier as shown in Figure 2. The charge 
is free to move laterally and vertically near the contact. The potential due 





317 



to the isolated charge is modeled by considering the electric field generated 
by its presence. The electric field generated by Q is: 



( 6 ) 






Q 



Ajisr 

where e is the permittivity of free space and Q is charge in Coulombs. The 
force exerted on a carrier in the semiconducting wire is found by 
multiplying this electric field by the charge on a single carrier, q. This 
force can be decomposed into two parts, the force in the x direction (along 
the wire) and the force in the y direction (perpendicular to the wire), 
neglecting the height of the wire. Since the carrier is confined to a quasi- 
one dimensional wire as it moves through the interface we need only 
consider the lateral force in x, which can be found by multiplying the force 
due to Q by the cosine of the angle between r and h. This force generates a 
potential energy experienced by a carrier moving through the wire, which 
can be found by integrating the force from infinity to a position x: 

Qq 
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where Xq is the position of Q along the x axis and r = ■yj(XQ —x)^ +h^ . 

Assuming g is a charge equal and opposite to the carrier, the potential 
seen by the carrier, as defined by (7), is shown in Figure 3. 




Figure 2 Schematic showing a point charge Q located near metal electrode-semiconductor interface. 
The charge moves along the x-axis. 
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Figure 3 The potential profile seen by a carrier moving along x due to Q. Q is located at x=50nm. 
The potential is minimum directly below Q and increases as the carrier moves away from the 
X position of the charge. 
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It is known that at the interface of a metal-bulk semiconductor, the total 
barrier seen by a carrier is the result of a superposition of the image force 
potential and the electric field potential'. Adding the effect of the charge Q 
on the potential landscape can further modify this barrier. By locating the 
charge at a fixed distance Xq from the interface and a fixed height h, the 
potential landscape of the overall interface is altered as seen in Figure 4. 
The barrier height is now further reduced by the attractive force 



Distance from Interface (nm) 

0 100 200 300 400 500 




Figure 4 - Plot of the Potential at the interface without Q present (dashed line) and with Q located 
50nm from the interface (solid line). The maximum barrier is lowered by an additional value A<I >0 from 
the original barrier lowering due to the image potential. 



of the isolated Coulombic charge and shown as A<Pbq. This change is 
greatly dependent on the location of the charge relative to the interface. As 
the isolated charge moves towards the metal electrode, the lowering 
increases to a peak. As it then continues to move closer to the interface the 
effect decreases once again. This strong dependence on lateral position can 
be seen in Figure 5, as the change in barrier height is plotted versus the 
charge location at a fixed height. The change is also highly dependent on 
the position of the charge above the wire, as seen in the inset of Figure 5. If 
the lateral position is held constant and h increases, the overall effect of the 
charge diminishes. The change in barrier height is also dependent on the 
amount of charge present and the applied electric field at the interface. 

This change in the height of the barrier exponentially affects thermionic 
emission current. The relation for metal- ID contact of Equation (2) above 
can now be modified by adding an additional term A<Pq. 



■K(pg-K(PQ - 

) exp( )(A I cm ) 



The change of the barrier height, also indicates a change in barrier shape 
thus affecting direct tunneling and thermally assisted tunneling currents'. 





As seen in Figure 4, the barrier can be thinned at the top due to the charge 
Q. This thinning and reduction of barrier height will increase the observed 
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Position of Q (nm) 

Figure 5 - Plot of the additional barrier lowering as a function of the position of Q. As Q moves 
towards the interface the barrier lowering increases, until it reaches a peak and then begins to decrease 
as it further approaches the metallic electrode. The position of the peak barrier lowering is dependent 
on the electric field present in the interface. The inset compares barrier lowering to height of Q above 
the nanowire in a fixed lateral position 



tunneling currents. This can be seen if we consider the equation for 
tunneling current from a metal to a semiconductor: 



( 9 ) 
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where Fm and Fs are occupancy factors in metal and semiconductor, 
respectively. The change in barrier height modifies the limits of 
integration, and the change in height and shape will modify the 
transmission coefficient, T(rj). As expected, thinning the barrier will 
increase transmission probability and therefore the tunneling current'. 



3.2 Barrier Width Change due to Coulombie Potential 

Further change in the potential profile at the interface can also be found 
by considering the perpendicular component of the force due the isolated 
charge. If we assume the charge Q is held on a metallic gate we can 
estimate the effects of the capacitive coupling between the charged 
material and the quantum wire. As with metal-oxide-semiconductor (MOS) 
capacitors, it is expected that the capacitive coupling should affect the 
carrier concentration within the wire in a region near the gate. The issue of 
modeling the capacitance at this small scale becomes complex due to the 
close proximity to the wire and its small size and length^^. 
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In traditional MOS models, the difference between the work functions 
of the metal gate and the semiconducting wire would create band bending 
at the interface. This bending creates accumulation or depletion of charge 
without an applied voltage, similar to a Schottky contact separated by a 
thin oxide layer'. Given the difference in work functions would lead to the 
conclusion that this charge accumulation, with no voltage difference, 
would also occur in the metal gate, quantum wire configuration. This issue 
has not yet been explored fully for nano-scale systems and more work is 
needed to understand the accumulation or depletion effect in quantum 
wires. Applying bias to the gate induces additional carriers locally within 
the semiconducting wire, as seen in Figure 6. If the gate is located in close 
proximity to the contact, this change in carrier concentration will also 
modily the barrier seen by carriers. Using the Schottky model, the height of 
the barrier will change, by changing the internal electric field of the region, 
and the width will be altered, by varying the carrier density. 

We have primarily dealt with g as a method to increase conduction. By 
changing the polarity of Q, the models presented will also serve to increase 
the barrier seen by a carrier, as well as increase the width of the depletion 
region, decreasing tunneling current in the device. The model of barrier 
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Figure 6 The presence of Q above the semiconductor creates additional carriers in the semiconductor 
below Q. This increase in carrier alters the potential landscape of the interface by altering the electrical 
field in the barrier region. 



lowering using a point charge gives an understanding of what a Coulombic 
potential might do to a barrier at a Schottky interface. The point charge 
model can be extended to create a practical model of an actual device. 

4. DISCUSSION AND CONCLUSIONS 

Research has primarily concentrated on tunneling and thermally assisted 
tunneling currents as the only current mechanism in nano-scale contacts. 
With respect to carbon nanotube circuits, the Schottky Barrier Transistor 
Model theorizes that gating modifies the Fermi level within a carbon 
nanotube and in doing so thins the tunneling barriers seen by a carrier 
entering or leaving the tube'"'. Other proposals suggest that in nanoscale 
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contacts, tunneling dominates over thermionic due to the dimensions of the 
materials involved^^. 

One basis for this tunneling only theory has been the observed 
temperature dependence of devices. For instance, tunneling currents into a 
Luttinger liquid should follow a T ° which has been observed in single- 
walled carbon nanotube devices^"*. We have shown here, however, that 
Thermionic emission between a metal contact and a ID semiconducting 
wire should have a T dependence, which is much closer to this observed 
dependence than the bulk value of T^. Further experimental evidence that 
thermionic emission should not be ruled out on the nanoscale is found in 
results from large diameter carbon nanotube circuits. Larger diameter tubes 
are expected to have a smaller bandgap than narrower tubes. These devices 
clearly show two separate temperature dependencies in their current- 
voltage characteristic^^’^^, further evidence that tunneling may not be the 
only mechanism present in the device. We expect that different 
mechanisms should dominate in particular devices, however thermionic 
emission must be incorporated into an accurate model of conduction in 
nanoscale devices, particularly for room temperature operation and for 
calculation of reverse saturation currents. 

In summary, we have derived the change in thermionic emission in a 
heterodimensional metal-semiconductor contact. We have also shown how 
an electronically isolated local Coulombic potential can alter the behavior 
of a nanoscale Schottky contact. The Coulombic force can penetrate into 
the device to directly affect the height and shape of the barrier region at the 
junction. These changes to the barrier in turn modify the current flow 
through the contact. Reduction in the height of the barrier increases 
thermionic emission, while a reduction in height and width can increase 
tunneling currents. This behavior presents a new technique for controlling 
conduction in the nanoscale that is not applicable for large scale devices. 
Heterodimensional contacts and their properties present new possibilities 
for devices and behaviors in electronics. 
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Abstract: For carbon nanotubes to be used in large-scale electronic 
applications a suitable method of interconnection between individual 
nanotubes must be available. Recently it has been shown that it is possible 
to manipulate and ‘solder’ individual nanotubes in a scanning electron 
microscope (SEM), using carbon-based contaminating material present in 
differential pumped vacuum systems, or metal inorganic vapours, by 
focusing the electron beam on the region to be connected for several 
minutes. 

By comparison, in this paper we report the welding of individual 
carbon nanotubes to other nanotubes and metal substrates, on a selective 
basis, to produce joints of both good electrical conductivity and 
mechanical integrity, without the need for a ‘soldering’ material. Carbon 
nanotubes have been manipulated in-situ in a SEM and have subsequently 
been cut to specific, pre-determined lengths, joined to substrates or to 
each other using only carefully applied voltages with limited currents. 

Our studies of the connections formed between carbon nanotubes and 
substrates have indicated that only certain metals appear to form 
mechanically strong, low resistance, connections. Results on connections 
to metals indicate preliminarily that welds form in carbide forming metals, 
whereas non-carbide formers behave poorly. 

This procedure may be utilised as a proof of concept technique to 
construct carbon nanotube-based devices and connections in electronic 
applications. 

Keywords: Nanotubes, Manipulation, Devices, Connections 



1. INTRODUCTION 

The extreme electronic and microstructural properties of carbon 
nanotubes have been well documented[l]. However, to realise 
applications in the area of electronics, such as quantum wires[2], ballistic 
conductors [3], microchip interconnects [4] and transistors [5] the need to 
reproducibly fabricate connections between individual nanotubes has been 
identified as a major impediment[6]. The fabrication of all but the most 
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simple electronic devices and structures using carbon nanotubes, reliably, 
with high yield and accuracy is being hampered by the unavailability of a 
technique that allows in-situ manipulation coupled with direct 
observation. Connecting and “soldering” of individual nanotubes using an 
AFM[7] and an SEM[8] has been demonstrated, but in both cases 
nano tube connections can take upwards of tens of minutes per joint, and 
hence fabrication of even simple stmctures is at best very slow, and often 
not possible at all. 

In this paper we introduce a method that allows for the design and 
fabrication of tailor-made freestanding carbon nanotube structures with 
unrivalled accuracy and nano-construction capability on a 3-D field. We 
show the nanotube constructions to be both mechanically robust and 
electronically active. The technique shows the means to select and 
manipulate carbon nanotubes, and produce joints between nanotubes and 
substrates, and other nanotubes, without the need for a solder material, 
and with significantly reduced time taken per connected joint. 

2. EXPERIMENTAL DETAILS 

Two types of nanotubes were used in this study: Catalytically grown multiwall 
CVD nanotubes on silicon substrates, and arc-discharge grown multiwall 
nanotubes embedded in polystyrene, but exposed via cleavage of the polymer[9]. 
The nanotubes, on their substrates, were mounted on an electrically isolated 
specimen stage in a Cambridge Instmments SEM that includes electrical 
feedthroughs connected to a pair of sharp tungsten tips, and the specimen 
substrates on the stage. The tungsten tips are sharpened via electrochemical 
etching using a method used to prepare tips for STM. It is not necessary to 
achieve tips as sharp as that required for STM, but we routinely use tips with tip 
radii of less than 1pm. Two computer-controlled Keithley 238 
source/measurement units, mnning under a Labview program, allow us to 
electrically characterise the nanotubes, and provide the means for welding and 
cutting of the nanotubes. 

The tips can be moved within the SEM, independently of the stage, 
and each other, by six piezo-sliders (Omicron Nanotechnology, MSS), 
with a minimum step size of 40 nm, and up to 5 mm total travel. The 
piezo-sliders are grouped into two sets of three providing three-axis 
movement for both tips. Control of the piezo-sliders is provided by a 
simple keypad control box (Omicron) that allows real-time movement of 
the tips, and hence nanotube manipulation, while the SEM is in operation. 

Also attached to the stage, and electrically connected, is a range of 
substrates to which the nanotube constructions can be attached. For this 
study a number of suitable substrates such as 50 pm wires, thin metal foils 
and deposited films on insulating substrates were used. 

3. RESULTS AND DISCUSSION 

The first stage in producing nanotube structures by our in-situ 
manipulation method is 
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Figure 1: Nanotube connected to tungsten tin Figure 2: 1-V curves for the nanotube-tip- 

substrate connection showing conditioning 



to choose and then connect one of the tips to a suitable nanotube. 
Examination of the nanotubes on their substrates in the SEM reveals 
nanotubes extending from the substrate, and when one is chosen, one of 
the tips is brought close to the free end of the nanotube. The gap between 
tip and nanotube end is then reduced until contact is made (Eigure 1). 
Often electrostatic attraction pulls the nanotube onto the end of the tip 
relieving the need for accurate positioning. A voltage is then applied 
across the nanotube to establish an electrical contact. Typically, a poor 
contact is initially achieved with almost no current flow detected until a 
threshold voltage (~3V) is reached. At this point, the current then 
increases by several orders of magnitude up to a pre-determined limit of 
10'® A, as the voltage is raised. On reducing the voltage we observe that 
the connection has improved and the resistance lowered. Subsequent 
cycling of the voltage to the current limit results in a further lowering of 
the resistance with each successive cycle down to approximately 150 kfl 
for the connection shown (Eigure 2). We have however, seen values as 
low as 12 depending on CNT and substrate. The CNT to substrate or 
nanotube contact is now mechanically robust and electrically active. We 
believe this conditioning behaviour is due to the intense ohmic heating, 
caused by the large current densities, facilitating alloying at the 
connection. 

Typically the conditioning process can be completed in under a 
minute, and despite the high current densities observed, the total power 
dissipated is under 5 mW, demonstrating that creating a stable connection 
is inherently a low power process. We observe that the resistance also 
decreases with increasing power, and hence temperature, in agreement 
with Peng et al [70]. Initially, the current limit of 10'®A is observed at 
around 4.5V, but following cycling the same current can be achieved at 
lower than 2.5V. After typically ten cycles stable 1-V behaviour is 
obtained, with no further conditioning. At this point it is possible to 
increase the voltage further until the current is high enough to evaporate 
the central region of the tube (>40x1 O'® A). As these current levels are 
reached thermionic emission from the nanotube is detected by the 
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secondary electron detector in the SEM. We further monitored the 
thermionic emission with a simple Cu-wire detector placed few mm from 
a connected nanotube. As current is passed through the nanotube we 
observe peak emission currents of 6.2xlO'*A in the non-optimised 
detector. Making the assumption that the whole of the nanotube is 
emitting, and with a work function of 4.5 eV, we estimate the temperature 
of the nanotube to be well in excess of 2700K, the vaporisation 
temperature of single wall carbon nanotubes [77]. 

Allowing the current to rise to the point that the central region of the 
tube vapourises can be used as a crude form of cutting. This method 
leaves a short section of nanotube attached securely to the tip that can in 
turn be used as a very sharp extension of the tip itself. However, cutting 
nanotubes to a pre-determined length is made possible by utilising the 
second tip. A nanotube is held between the first tip and the substrate with 
a voltage of 2-3 V applied. On bringing the second tip, with a similar 
voltage, into contact with the nanotube, at the point cutting is required, 
and then raising the voltage on both tips simultaneously, a small region of 
around 100-150 nm vaporises near to the point of contact of the second 
tip, leaving the desired length of nanotube attached to the first tip. This 
process is somewhat easier with a section of nanotube attached to the 
second tip (Figure 3). It is now possible to bring a new substrate to the tip 




Figure 3: Micrograph showing selected nanotube about to be cut 



and attach the nanotube to it by moving it into contact and applying a 
voltage in the same manner as the initial nanotube to tip connection. 
Removing the nanotube from the tip is achieved by cutting the nanotube 
near to the tip connection, in the same manner as before, leaving the tube 
attached securely to the substrate. 

Our studies of the connections formed between carbon nanotubes, 
metal tips and substrates have indicated that only certain metals appear to 
form mechanically strong, low resistance connections. The tungsten tips 
are effective, as is iron wire, chromium foils, and 7 | 0 ,m diameter carbon 
fibre. However, with gold, platinum and nickel, after many voltage cycles, 
and using higher voltages, we were unable to form connections reliably. 
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This observation infers that welds form easily in carbide forming metals, 
whereas non-carbide formers behave poorly. A study is currently 
underway to elucidate this further. In addition to attaching nanotubes to 
new substrates, it is further possible to connect additional nanotubes to the 
previously deposited ones. As with attaching to substrates, the nanotubes 
are brought into contact at the desired point on the previously deposited 
nanotube and cut off from the tip as before. However, when nanotubes 
are connected together no conditioning behaviour is observed and the I-V 
behaviour of the connection is stable and reproducible despite repeated 
cycling. 

As a demonstration of the versatility of this new technique. Figure 4 
shows several aspects that would be useful in the construction of bespoke 
electronic devices incorporating carbon nanotubes. This figure shows the 
letters A, T and I constructed from arc discharge grown carbon nanotubes 

and deposited onto the 
edge of a chromium foil. 
The height of the three 
letters is approximately 
1.8 | 0 ,m, occupying a 

length of less than 4 | 0 ,m. 
The figure demonstrates 
the most important 
requirements necessary 
for bespoke devices; the 
ability to pick and place a 
single nanotube onto a 
substrate with a specific 
length (letter I), the 
ability to attach a second 
nanotube to the first, 
(letter T) and the ability 
to connect nanotubes 
together that have 
previously been attached 
to a chosen substrate, 
mechanically as well as 
electrically (letter A). 
The combination of these 
procedures realises the 
desire to produce 
nanotube based electronic components and provides the tools necessary to 
achieve this. Another important point is that we have routinely removed 
these structures from the vacuum of our lower-resolution ‘manipulation 
SEM’ and placed them in other higher resolution instruments, clearly 
demonstrating the robustness of the structures formed. 
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Figure 4: Secondary electron micrograph of nanotube 
construction of letters A,T and 1 (a), and schematic 
diagram showing order in which the nanotubes were 
attached and the connections formed (b). The nanotubes 
were placed in the order shown numerically (1-6) and 
the connections made in the alphabetical order also 
shown in the schematic diagram. 
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4. CONCLUSIONS 

In conclusion, we demonstrate that it is possible to weld nanotubes to 
metal contacts and to each other with both good electrical and mechanical 
quality. Providing the manipulation tips and substrates are of a suitable 
‘carbide-forming’ metal it is possible to construct robust and relatively 
complex freestanding structures in-situ, at the rate of one connection 
every few minutes. Additionally no connecting medium is required and 
both the cutting and connecting of nanotubes is carried out entirely by 
carefully applied voltages and regulated electrical currents. This 
procedure may be utilised as a proof of concept technique to construct 
carbon nanotube-based devices and connections in electronic applications 
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Abstract: Carbon materials attract great attention for use in vacuum electronic 
devices as cold cathodes. High aspect ratios and strong interatomic bonds provide 
stable and intensive electron emission at moderate electric fields from nanotubes, 
fibres as well as ifom other forms of essentially graphitic carbon. The evaluation 
of device applicability of carbon cathodes requires a better understanding of the 
process used for their synthesis and the mechanisms of electron emission. 
Chemical vapor deposition of carbons was studied in our work to find conditions 
providing better electron emission properties of cathodes. Raman spectroscopy, 
cathodoluminescence, various microscopy techniques, XPS, UPS and other 
methods were used in our experimental studies for a comparative study of various 
carbon materials. We propose an original model of emission sites in nano-carbon 
emitters having heterogeneous sp^-sp^ structure. This model is in good agreement 
with theoretical analyses and numerical estimations. Applicability of the nano- 
carhon emitters are demonstrated by a few examples of vacuum light emitting 
devices including fiat panel display prototype, triode- and diode-type lamps. 

1. INTRODUCTION 

Electron field emission (FE) from surface of conductive materials induced by 
strong electric field has great importance for fundamental and applied science 
[1,2]. Various carbon related materials show low-field electron emission and are 
therefore highly attractive as replacement for metals and semiconductors for FE 
cold cathodes. One of the main advantages of carbon materials for FE 
applications is the extremely strong interatomic 0-0 covalent bonding force 
providing high mechanical strength and chemical inertness appropriate for 
cathode materials operating in vacuum devices under intense electric field of the 
order of 10^-10* V/m and in the harsh conditions of residual gas ion 
bombardment. However, despite the strongest interatomic bonds in graphite, the 
usual graphitic carbons with sp^ atomic coordination are not suitable for FE 
because of their layered structure with rather weak interlayer bonding. So, while 
each layer itself is very stable, the entire material combined of a number of 
parallel layers can be destroyed easily by applying a strong electric field, and this 
instability is known to take place for carbon fibers [3] and graphite particles [4]. 

Carbon nanotuhes (CNT) consisting of sp^ coordinated atomic layers are 
much more stable under strong electric field action because of their cylindrical 
shapes preventing layers chipping off An additional advantage is the high aspect 
ratio of CNT emitters, providing electric field focusing and corresponding 
significant reduction of applied voltages (see, for example, [5]). Similar increase 
of FE stability and voltage reduction can he obtained in materials composed of 
nano-graphite crystallites (NGC), which have bent atomic layers at the crystallite 
edges [6]. Layer bending at graphite crystallite edges is rather usual phenomena 
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(see, for example, [7-9]) that may explain the efficient and stable electron emission 
from various carbon materials containing NGC: polycrystalline diamonds [10], 
diamond-like films [11], carbon fibers [3], and graphite powders [4], 

Other carbon materials with sp^ coordination (diamond and diamond-like) 
have been believed to be prospective for FE applications also due to their unique 
property of negative electron affinity (NBA). NBA decreases up to zero the 
potential barrier for electrons escaping into vacuum from the diamond conduction 
band [12], However, undoped diamond (as well as other diamond-like materials) 
has a wide band gap (WBG) with a negligible density of free electrons in the 
conduction band and it is therefore unlikely that NBA and the required high 
electron conductivity can be combined in the doped forms of any diamond-like 
material. This consideration allows the attribution of the numerous experimental 
observations of low-field electron emission from diamond materials to non- 
diamond carbon inclusions existing in polycrystalline diamond films obtained by 
chemical vapor deposition (CVD) [4,10], in single crystal diamonds [13] and in 
diamond composites and powders [14,15], 

Thus two main approaches for the explanation of field electron emission 
from carbon materials exist. One of them considers FE on the has of Fowler- 
Nordheim (FN) theory, assuming that emission occurs from conductive carbon 
material under a strong electric field enhanced due to morphological features on 
the emitter surface. Another approach assumes that FE originates from the NBA 
property of diamond and diamond-like species. The various mechanisms 
explaining electron injection into the conduction band of WBG diamond and 
diamond-like material and electron transport to the emitter surface have been 
proposed for this second approach. These two approaches consider separately 
either conductive (graphite-like) or non-conductive (diamond-like) carbons. At 
the same time, experimentally observations show that graphite-like (conductive) 
emitters may exhibit properties similar to dielectric one, including 
electroluminescence accompanying FE [16,17], charging of the carbon nanotube 
surface during FE [18,19], and non-linear I-V dependence behavior in FN 
coordinates [20], Other distinctions of carbon nanotube FE from those known for 
conductive tip emitters consists in the controversial facts that single-wall carbon 
nanotubes having higher aspect ratios than multiwall carbon nanotubes show a 
surprisingly higher emission threshold for electric field [21] and that better FE 
occurs ifom CNT aligned across the electric field direction [22], 

In our studies we performed comparative characterization of various 
properties of carbon materials with different compositions obtained using the 
CVD method. Different features of the CVD process were investigated to 
evaluate the optimal conditions for fabrication of thin film field emitters. The 
obtained carbon cold cathodes were used for the manufacturing of the vacuum 
electron device prototypes. 

2. CARBON THIN FILM MATERIALS FABRICATION 
BY CVD METHOD 

The remarkable flexibility of the chemical vapor deposition process allows 
one to employ similar technologies for the production of materials with 
dramatically different properties (e.g. diamond [23], carbon nanotubes [24]) by 
changing the geometry of the reactor chamber and the discharge type used in the 
plasma enhanced CVD process. A fully controllable growth of various carbon 
films can be achieved in the same dc discharge CVD system by changing the 
pressure and composition of the hydrogen-methane mixture along with the 
substrate temperature, discharge current and voltage [25-29]. Standard Si wafers. 
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Ni, W, Mo and some other metal sheets and films were used in our experiments 
as substrates with sizes up to 50 mm in diameter. The carbon films depositions 
were carried out using a hydrogen-methane gas mixture. Our experimental CVD 
setup was described in detail elsewhere [29]. In brief, the distance between the 
cathode and tungsten anode in the reactor chamber is 50 mm. The substrate for 
carbon film deposition is located on the water-cooled anode. The internal 
diameter and height of the cylindrical reactor chamber is 400 mm. The chamber 
has water-cooled walls with quartz windows, which allows visual observation and 
optical measurements. 

TABLE 1 Experimental parameters for carbon films deposition in dc discharge plasma. 



Type of CVD film 
material 


Substrate 

temperature, 

“C 


Methane 

concentration, 

% 


Total gas 
pressure, Torr 


diamond 


850-900 


0.5-2 


60-90 


nano-diamond 


900-1000 


2-5 


60-100 


graphite-like 


1050-1100 


5-10 


60-100 


soot 


1100-1250 


over 15 


50-100 
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Figure 1. Raman spectra of polycrystalline diamond (1), nanocrystalline diamond (2), nanostructured 
graphitic materials (CNT and/or NGC) (3), and carbon soot (4). 

The CVD chamber is equipped with optical systems allowing in-situ 
measurements of Raman spectra for deposited carbon materials [27] and optical 
emission spectra (OES) of the plasma in the CVD reactor [28]. Also dc discharge 
current and applied voltage were measured to characterize the deposition process 
[28]. The typical sets of parameters of the CVD process providing deposition of 
diamond, CNT and disordered graphite (soot) films are listed in TABLE 1. 
Raman spectra of these materials are shown in Fig. 1. In these spectra, Raman 
lines at 1140 and 1470 cm"' are specific for diamond particles with sizes smaller 
than 2 nm, while 1330 cm'* corresponds to “usual” diamond particles, which have 
larger diameters [30]. Raman lines at 1350 cm"' and in the vicinity of 1580 cm'* 
(between 1550 to 1620 cm'*) are attributed to different forms of disordered 
graphite. It should be noted that a similar 1580 cm'* line is typical for multiwall 
carbon nano tubes [31,32]. 

The most important CVD films composed of nanosized graphite-like species 
seen as multiwall CNT and graphite nanocrystals (NGC) were obtained at 
relatively high concentrations of methane in the gas mixture. OES data show the 
presence of C 2 dimers in the plasma containing a high concentration of methane 
[28]. These carbon dimers play a dominant role in the synthesis of the 
nanocrystalline diamond (see e.g. [33]). In particular, insertion of the C 2 into 
acetylene-like C-C bond to produce a carbene structure is the most energetically 
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favorable scenario. Empirical calculations have shown [33] that the addition of C 2 
may result in the evolution of critical nuclei into two-dimensional graphite-like 
sheets, which become mechanically unstable and roll up spontaneously to form 
CNT in a non-catalytical process [26], The experimental confirmations of this 
model were found by using scanning electron microscopy (SEM) observations 
[28], Another important circumstance of the CNT and NGC species formation is 
a substrate temperature of about 1000°C (see TABLE 1). 

3. COMPARATIVE STUDY OF FE FROM CARBON 
MATERIALS 

The FE tests were performed in our experiments using a vacuum diode 
configuration with a flat parallel anode and cathode. The anode was a glass plate 
coated with a transparent, conducting indium and tin oxide (ITO) film. This 
schema provided a very easy yet adequate method of determining the 
macroscopic values of electric field strength and FE current density in contrast to 
any tip-like or ball-like anode probe configurations (see [5,15,34] e.g.). The 
conducting anode film was covered with a phosphor layer allowing an image of 
FE site distribution over the cathode surface to be obtained. Typical images of FE 
site distributions for carbon films with different composition are shown in Fig. 2. 
The images were obtained at the same applied voltage (1600 V) and cathode-to- 
anode distance (200 |j.m) and illustrate a significant increase of emission site 
density from about 10^ for poly crystalline diamond to 10^-10^ for graphitic 
material. In the last case it is impossible to determine the actual density of 
emission sites because the phosphor grains have sizes in the range of 3 to 7 |J,m, 
which is comparable with the distances between FE sites. 

The significant improvement of FE properties with decreasing diamond 
component in the CVD films was detected also in current-voltage dependencies. 
Fig. 3 shows typical plots of the vacuum diode emission current (7) as a function 
of applied voltage (V) for cathodes made from those three type of CVD films. It is 
seen from the plots that threshold macroscopic electric field (E), determined as 
E=V/d (where d is the interelectrode distance), at which electron emission can be 
detected is 4 V/|lm for polycrystalline diamond, 2 V/|J,m for nanocrystalline 
diamond, and less than 1 .5 V/|lm for nano-graphitic material. With the reduction 
of the threshold field we detect an increase of the maximal values of emission 
current. 




Figure 2. The images of anode screen 
obtained for polycrystalline diamond (1), 
nanoscrystalline diamond (2), 
and nano-graphite (3) cathodes. 

Figure 3. Current- voltage dependencies for 
field emission from CVD films having 
various composition (polycrystalline diamond 
- 1, nano-diamond - 2, and nano-graphite -3). 
Inset shows Fowler-Nordheim plots for the 
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same curves. 
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Our comparative experimental studies performed for various CVD film 
materials as well as for bulk and powdered graphite, carbon fibres and other 
carbon materials clearly show similarity in the field emission properties for all of 
them. The most efficient electron emission including, the lowest threshold field, 
and the highest current and emission site densities was obtained for well 
structured nano-sized graphite type materials. The most distinctive features of the 
FE characteristics of these materials are: (i) a linear I-V curve in FN coordinates 
over a wide range of voltages and currents; (ii) substantial curvature of the FN I-V 
plot at low voltages and currents; (iii) homogeneity of the FE site distribution 
over the film surface. An evaluation of the FE mechanism requires a 
corresponding analysis of these features. 

4. STATISTICAL ANALYSIS OF FIELD EMISSION 
CHARACTERISTICS 



The linear character of the FN plot corresponds to classical electron 
tunneling mechanism of FE [1] while its substantial curvature may he explained 
by the statistical distribution of the emitting sites: geometrical, structural and 
electronic characteristics [35]. Although FE site characteristics have complex 
physical origins, a normal (Gaussian) distribution can he a good first 
approximation to the actual distribution of their heights and/or diameters. The FE 
image homogeneity at moderate electric field (see Fig.2) is evidence of a narrow 
width of the normal distribution with a small standard deviation o. To simplify 
further consideration we assume that the subject for the statistical distribution has 
an effective size (radius r) of emission sites only. The normal distribution of the 



FE site radius is given by 



n(r) = 



N 






rexp[-(r 






where is an average 
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size of radius. By having the total number of emission sites on the cathode 
surface equal to N, it may he written that = jn{r)dr ■ Thus the total FE current is 

/ = ^JdS = ^Jm-^n(r)dr , by assuming that emission occurs from the entire 

surface area {S = nr^) of each emission site. 

In FN theory the density of FE current is expressed by the equation 



J = -F^ 



exp[1.03SeV-‘'^]exp[-0.95B«9^'^F-‘]> 



( 1 ) 



where F is the local electric field at the emission site surface, ^is the work 
function of the cathode material; constants A and B are combinations of electron 

charge (e), mass (m) and Planck’s constant h\ > g = ■ The constants 

8;z^ 3he 

values for the units of current density (J) A/m^, electric field (F) - V/m, and work 
function (^o) - eV are: A=1.5414xl0''’ A eV 5=6.8309xl0‘* eV“ V m'', and 
1.035e^=10.1 eV. 

The most common method to interpret local field value F relationships with 

TT MV 

applied voltage V is to believe their linear conversion: ^ , where E 

r r d 

is the macroscopic field in planar electrode configuration with an interelectrode 
distance d and aspect ratio for a separate FE site equal to the ratio of its height 
{H) over the substrate surface to its radius which may be believed to he the same 
order as the radius of the emission site area - r. By assuming a value unify for the 
height H for all of the emission sites we obtained (see [36]) a formula describing 
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the total emission current dependence on the macroscopic field (or on the applied 
voltage V=Ed) as 



I = CNE^ exp 







|_ £ 2 


_ 



C = 



Am" 



expPO.l/^] ’ D = 0.95B — 



( 2 ) 



H 



The last formula (2) shows that the I- V dependence differs from the classical 
expression deduced from FN theory for FE from metals in the second term of 
exponent. Fig. 4 illustrates the corresponding agreement of the experimental 
results with the calculation, derived by using equation (2) for c=0.1ro. The 
second term causes excess current and upward curvature in the FN plot. This term 
vanishes when all emission sites have the same geometrical characteristics since 
a=0. But the term increases at lower values of macroscopic field (or applied 
voltage) if The inputs of both terms in (2) are comparable at a values in the 
range of O.SA to 2A when we assume that r=5nm, (p=5eV and with E in 

the range of IV/pm to lOV/pm, correspondingly. This numerical estimation is in 
agreement with our initial assumption about the narrow width of the normal 
distribution with a small standard deviation c. The FN plot curvature increases 
with a, whereas for the linear part of the plot we assume that a and the 
corresponding second term in ( 2 ) are equal to zero. 

Comparison of the theoretical results (formula (2)) and the experimental I-V 
curve (see Fig.4) allows us to obtain empirical relationships for two parameters - 

3/2 

work function ^and field enhancement factor (5'. j5=El/r. z. = 7 4xlO“^eF^^^ ■ 

P 

This relationship is shown in Fig. 5 graphically. One can observe that the 
expected range for work function is in the range of 4 to 5 eV corresponds to the 
field enhancement factor of about 10^. This value of contradicts to our SEM and 
TEM observations of the geometrical shapes of CNT and GNC species on the 
carbon cathode surface. Since a typical size of the sharp edge is about lOnm, 
these carbon structures have heights up to 5 pm and the corresponding 
geometrical field enhancement factor may be in the range of 50 to 500 (see 
[25,26,28,29]. 




Figure 4. Typical I-V experimental 
dependence plotted in FN coordinates (dots) 
and fitted curve calculated by using Eq. 3 
with a=0.1ro (line). 




Figure 5. Empirical relationships for work 
function tp and field enhancement factor p 
obtained from comparison of theoretical I-V 
dependence and experimental curve. 



Another contradiction relates to the estimate of the number of emission sites 
N. This estimation may be made for the linear part of the FN plot from an 
intercept by assuming that all emission sites have the same surface area S = ■ 

Thus, for the particular case of the FN plot in Fig. 6 we have A « 10^ cm’^, that is 
in well agreement with our observations made using the phosphor screen (see Fig. 
2 and [25,26,28,29]). However, for the low-voltage range curved part of the plot 
our estimation shows a value of N ~ 10*^ cm’^. This estimation was made by the 
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fitting theoretical curve (3) to the experimental dependence by variation of N as a 
parameter. The emission site density decrease with voltage increase may be 
explained by a screening effect leading to the suppression of emission from the 
sites having smaller field enhancement factors. But even in the case of screening, 
the number N ~ lO'^ cm'^ is possible only if the emission sites have atomically 
small sizes. 

The alternative explanation consists in the suggestion that emission occurs 
from an area beyond the top edge of the nano-carbon species and including some 
part of their lateral surface also. In this case, the estimated number of emission 
sites will be decreased on two or three orders without an extreme decrease of the 
characteristic sizes of the emitting carbon species. This explanation agrees with 
the model of emission sites proposed in our publications (see, e.g. [25,26]) as 
well as with other observations showing the origination of field emission from 
CNT lateral walls [37,38]. A mechanism providing such lateral emission is 
nonmetallic behavior of nano-carbon emitters and electron tunneling through a 
potential barrier, which is reduced in the vicinity of defects of sp^ coordinated 
graphite-like carbon atom network [25,26]. 

5. TWO-BARRIER MODEL FOR FIELD EMISSION 
FROM NANO CARBON MATERIALS 

The model of FE sites on the surface of nano-carbon material is comprised of 
graphitic material covered by an atomically thin layer of carbon with diamond- 
like electronic structure. The energy-band diagram of such a heterogeneous 
surface includes two potential barriers on the interfaces between the different 
carbon phases and between the cathode surface and vacuum (see Fig. 6). In the 
band diagram analysis one should consider the atomistic structure of the emitter 
material, emphasizing the importance of the outer atomically thin layer. Thus a 
bulk graphitic part of the cathode is represented schematically in Fig. 6 by a 
periodic array of quantum wells each corresponding to carbon atoms with the 
Fermi level lying above the wells. The outer layer of carbon atoms with diamond- 
like properties is represented by a separate quantum well with the Fermi level 
inside a gap between the lowest unoccupied and highest occupied bands of 
electronic states (LUS and HOS correspondingly). The LUS-HOS gap width is 
assumed to be similar to that in defective diamonds and according to our 
cathodo luminescent studies it can be taken slightly larger than 4 eV [25]. 




(a) (b) 



Figure 6 Schematic energy band diagram presentation of vacuum-cathode interface without (a) and 
with (b) external field. The straight lines show simplified two-barrier structure including rectangular 
barrier between two carbon phases and outer potential barrier. The dashed lines show quantum wells 
corresponding to separate carbon atoms in the presurface layer with graphite properties and surface 
cluster with diamond-like properties similar to WBG semiconductor having gap in density of electron 
states between highest occupied state (HOS) and lowest unoccupied states (LUS). The electron states 
in the quantum wells are shown by gray and resonance electron states (RES) in HOS-LUS gap are 
shown by black. The height of rectangular barrier and work function of surface cluster (Evac-Ep) is 
about 4.5 eV. 
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The application of an external field to the cathode surface leads to the 
deformation of this two-barrier structure. In the simplest approximation the first 
barrier remains to have a rectangular shape and the second one becomes 
triangular as sketched in Fig. 6. The main properties of FE are determined by the 
probability of electrons to tunnel through these two barriers at various values of 
the external field F. By considering the probabilities for electron tunneling 
through this two-barrier structure we obtain an expression for emission current 
density [39]: 
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where w is the width of the rectangular barrier, the energy difference between 

the Fermi level and the top of the rectangular barrier, and (p is the work function 
of the cathode surface. 

This formula is different from the usual Fowler-Nordheim law by the 
second additional term in the exponent. This new term may lead to a 

significant increase in the current density. Using for estimation (p=‘\F eV, 
^4.5eV and w =4 A, we obtain a current density increase of 4 orders for the 
same field in comparison with the value predicted by the FN model for metal 
emitters as is evident from Fig. 7, which clearly show a reduction of the threshold 
field and a dramatic increase of the current density for the two-barrier emitters 
with resonant electron states. 




Figure 7. Current-vs-field dependencies for electron emission calculated in accord 
with FN low (dots line) and with respect of two-barrier model using formula (4) (straight line). 

It follows from our analysis, that the presence of the resonant electronic 
states (RES) in the quantum well corresponding to the WBG layer is an important 
feature, which provides intensive electron emission at low fields. Efficient 
electron tunneling requires the special energetic position of these RES near the 
Fermi level and slightly above it to explain the existence of nonzero FE 
thresholds. When an external field is applied to the cathode surface, these 
resonant electronic states are shifted down due to a partial voltage drop in the 
diamond-like carbon layer (see Fig. 6). Various carbon materials including CNT, 
GNC, nanodiamonds etc. show very similar threshold values in the range of 1 to 
1.5 V/pm (see e.g., [2-6]) that may be considered as evidence of the similarity 
their emission mechanisms. 

6. LIGHTING ELEMENT PROTOTYPES 

Our studies show that the field emission characteristics of carbon cathodes 
result from the unique structure and physical properties of the nanosized graphitic 
species. These species may be found in various carbon-related materials including 
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diamonds (single crystal, polycrystalline and nanocrystalline films and powders), 
diamond-like and tetrahedral amorphous films, carbon fibres and carbon 
nanotubes, graphite powders etc. The most important parameters for application: 
low-field emission threshold, high density of emission sites and emission current, 
emission stability of the carbon emitters, are determined by the arrangement of 
these nano-carbon species in the cathode material. To evaluate device 
applicability of our nano-carbon (nC) cathodes made by the CVD method, a few 
vacuum light emission lamps were designed and manufactured [40]. 

The simplest prototype of the light emitting device with a nC cold cathode 
was made as a flat vacuum diode lamp (see Fig. 8). The glass envelope of the 
lamp cells was assembled using two glass slides 40x50 mm in size coated with 
ITO and a phosphor layer. The nC cold cathode (25x25 mm) was fixed to the 
bottom slide using conductive epoxy. The glass slides were fixed to each other 
using vacuum cement allowing spacing between the phosphor layer and the 
cathode within the 0.1-1 mm range. The total cell thickness is about 3 mm. The 
residual pressure in the flat glass cell is about 10’^ Torr after pumping and sealing. 
The operation voltage for this type of lamp ranges from 200V to 2 kV depending 
on the type of phosphor and the vacuum gap distance. A very uniform, stable and 
high-brightness light emission was obtained from these lamps and they can be 
considered as a prototype of the flat-panel display. However, the intensity of the 
light emitted by the diode lamps is limited to the value of about 1000 cd/m^ and 
the total power efficiency is about 10% due to the low efficiency of the phosphors 
operated at low anode-to-cathode voltages. This low voltage value is, in fact, one 
of the main advantages of the nC cold cathode, so, an improvement of phosphor 
properties is necessary to use the simplest flat diode scheme. 
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Figure 8. Schema and photograph of flat diode Figure 9. Schema and photograph of triode lamp 
lamp taken with CRT screen image as with flat FE cathode of nC film material, 

background. 



A significant increase in light intensity and power efficiency was obtained 
for the lamps with a triode configuration (see Fig. 9). This type of vacuum device 
has a more complicated structure including a grid electrode located near the flat 
nC cathode with approximately the same distance between them as between the 
cathode and anode in the flat diode lamps. This allows electron emission at the 
same low voltages applied between the cathode and the grid. The anode-to-grid 
distance and voltage can be much higher, providing high-energy electrons and 
high-efficiency radiation from the phosphor layer with the use of standard TV 
phosphors. The intensity of emitted light for such lamps exceeded 20000 cd/m^ 
when an accelerating voltage of 5 kV was applied between the anode and the 
grid. The estimated power efficiency of the triode lamps is about 15%. The triode 
lamp seems to be the most convenient in such applications where low-voltage 
switching is necessary. 

An alternative scheme providing high electron energy and corresponding 
high efficiency of light emission exploits a cylindrical diode configuration. An 
important advantage of the cylindrical diode configuration in comparison with the 
planar one is that for the same applied voltage V, the macroscopic electric field 
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F=V/[r ln(R/r)], as compared to F=V/d for two planar electrodes with an 
interelectrode distance d. Practically, this means that the macroscopic field at the 
cathode surface F(r) will be much higher in the cylindrical case than for the 
identical d=R-r and V. This makes possible to realize a field emission diode 
working at suitable voltages applied between electrodes separated by a rather 
large distance. An essential improvement of the lamp parameters was achieved by 
using a scheme with the reflecting A1 layer deposited on the glass tube instead of 
ITO. This configuration and the lamp photograph are shown in Fig. 10. The lamp 
brightness is achieved up to 2x10^ cd/m^. The power efficiency of the lamps with 
a reflecting A1 anode exceeds 30%. Such power efficiency is an absolute record 
for light emission devices and is obtained due to the combination of an excellent 
nC cold cathode and a lamp configuration providing more optimal conditions for 
excitation of the phosphor by electrons in comparison with other similar devices. 
The other advantage of our lamp is the high efficiency obtained from the direct 
output of light generated in the phosphor layer in contrast to lamps using 
transparent anodes where CL light must penetrate through the phosphor layer. 



dUMhi^ 




Figure 10. Schema and photograph of the cylindrical diode lamp using nC cold cathode. 
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Abstract: We have investigated the field emission (FE) properties of MoS( 2 - 
x)Iy (y~l\3) nanotubes. The MoS( 2 -x)Iy nanotubes are all sub-l-nm diameter 
and grow in sharp bundles, each typically consisting of up to million identical 
nanotubes. As-grown material was dispersed in ethanol and the individual 
bundles were then glued with the silver conducting paste to an aluminized 
glass fiber. The FE measurements of single bundles were performed under 
continuous bias conditions at room temperature with voltages from 0.1 to 2.4 
kV. The emission current at cycling experiments from individual sites reached 
up to 80 nA at a macroscopic field 0.9 Vpm"'. On a time scale of some ten 
hours the current was stable. Short term FE currents up to 10 microamperes 
were obtained from an individual bundle without a noticeable degradation of 
the FE performance. All single bundle measurements have shown virtually 
identical FE properties. They appear to be inert and unsusceptible to vacuum- 
related problems, including intermediate exposure to air. The ease of 
processing and good dispersion characteristics in combination with their 
stable reproducible FE performance suggest that MoS( 2 -x)Iy NT may offer 
specific advantages in some applications. 



1. INTRODUCTION 

Nanowires and nano tubes have attracted research interest in recent years as 
their functional properties hold promise for incorporation into nanoscale 
devices and systems [1]. Field-emission properties of nanotubes are one of the 
forefront of worldwide nanotechnology research. The unique geometry of 
nanotubes suggests that they are likely to be ideal field emitters for some 
applications like flat panel displays [2]. 

So far, mostly carbon nanotubes (CNT) were studied extensively in several 
laboratories, which had also led to many improvements of their FE 
performance. Carbon nanotubes have been investigated as field electron 
emission sources for a number of applications including field-emission 
displays [3], microwave power amplifiers, gas discharge tubes [4], and 
nanolithography systems [5]. These applications require that nanotubes 
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provide a stable field-emission current at required current densities without 
compromising device lifetime. It was shown that CNTs do exhibit serious 
advantage compare to technology using tungsten or molybdenum metal tip 
arrays, such as operating under moderate vacuum conditions of 10'^ mbar. 
They also appear to be self-healing to some extent [6], which is thought to be 
the reason for their stable operation in excess of 10"^ h at average current 
densities of up to 0.1 A/cm^ [7]. Bright displays were fabricated in a few years 
[8] but the point-like character of the light emission from these displays was 
probably the main disappointment. The reason is uncontrolled emission site 
density arising also from the difficulty in processing and dispersing CNTs [9]. 

In addition to carbon nanotubes, other materials were also recently tested 
as field emitters. Though promising results were achieved with hydrogenated 
diamond like carbon [10] and silicon nanowires [11], none of them displayed 
enough feasibility for technological applications. A hybrid emitter is a 
relatively a new trend. The examples are carbon nanotubes grown on the top 
of a tungsten-wire tip [12], diamond coated silicon tips [13] and sharp 
molybdenum needles coated with BN nanoparticles [14]. Also several other 
nanostructured materials have been reported to exhibit FE properties (BCN 
[15], TiN [16], Nb 2 N [17], GaN [18], Mo nanowires [19]....). 

It is important to stress that a quantitative comparison of their FE 
properties with CNTs can not be easily made, since they have not been 
characterized by identical methods [20]. Although comparisons are difficult to 
make at this stage, the search for the most suitable nanotube-shaped material 
for use in different FE applications is clearly just beginning. 

2. EXPERIMENTAL WORK 

Here we report on the FE properties of MoS( 2 -x)Iy (y~l/3 ) transition metal 
chalcogenide nanotubes which were grown by a catalyzed transport method 
[21]. The iodine in the formula signifies the presence of interstitial iodine 
between the M 0 S 2 -X nanotobes and could be largely removed by heating in 
vacuum. The nanotubes are all sub-l-nm in diameter and grown in form of 
bundles, each typically consisting of up to 10* identical nanotubes. Bundles 
range from 20 nm up to 0.5 pm in diameter and can be up to several 100 pm 
long. The bundles end in a sharp tip with a single or few protruding NTs at the 
end (Figure 1). 



Figure 1 SEM image of as-grown 
material in the form of bundles of 
MoS( 2 -x)ly . The bundles end in a 
sharp tip with a single or few 
protruding nanotubes at the end. 
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The bundles can be dispersed in some polar solvents (e.g., ethanol; N,N- 
dimethylformamide, water) into smaller bundles and eventually into 
individual nanotubes. Transport measurements on individual small diameter 
bundles of MoS( 2 -x)Iy nanotubes suggest that they are metallic for transport 
along the tube axis [22]. 

2.1 Experimental Setup 

The measurements were performed in a FE microscope (FEM), where the 
emission pattern was observed on a 22-mm-diameter aluminized luminescent 
screen. The screen material (designated as P-43) is composed of ultrafme 
particles of gadolinium oxysulfide, activated with terbium. After deposition of 
the luminescent material, the screen was aluminized, forming a point-to-plane 
geometry with the cathode pin. The distance from the pin to the screen was set 
to 5 mm. The base pressure below 10“’ mbar was obtained readily by a 
turbomolecular and ion-getter pump within a few hours. The FE 
measurements were performed under continuous bias conditions at room 
temperature at high voltage supplied by a stabilized voltage supply (EMI PM 
28B) ranging from 0.1 to 2.8 kV or a custom designed supply for potentials up 
to 5 kV. The emission current was recorded by an ammeter (Keithley K 485). 
A 33 MQ series resistor was used to limit the current. This combination 
allowed us to measure the time-averaged emission current versus voltage and 
the current stability at the set voltage. The photo of the setup is represented in 
Figure 2a and the schematic presentation in Figure 2b. 




Figure 2 (a) The photo of the setup is represented (b) The schematic presentation of the setup. 

3.RESULTS 

In order to compare FE data with published results for other materials, we 
can either: (a) measure the field emission from an individual site or (b) 
measure the average current from a well-defined and sufficiently large 
emitting area. The latter requires a sizeable amount of material and a suitably 
reproducible deposition method, which is quite difficult to achieve. 
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This was the reason that in the first step of measurements only the 
observation and preliminary FE measurements from a large surface but with 
unknown number of sharp emitters were performed. First results in this initial 
step when the emission was observed from several bundles (global 
monitoring) showed that the current was some tens of pA at 2.7 kV and 



H Figure 3 First results in this initial step 

when the emission was observed from 
several bundles (global monitoring) caused 
an interesting image on the FEM screen 

caused an interesting image on the FEM screen (Figure 3). 

All further measurements were made with single bundles, which were 
supposed to end into a few FE tips. This allowed more quantitative results to 
be obtained. As-grown MoS( 2 -x)Iy material was first dispersed in absolute 
ethanol using an ultrasonic bath, and the individual bundles were then glued 
with the silver conducting paste (Flash-Dry™ Paint, SPI) to an aluminized 5- 
10 pm diameter glass fiber. The assembly was then glued with the same silver 
paste to the metal pin. In all our experiments, the field-emission current, 
originating from a few sites, prevailed, which enabled us to reproducibly 
measure its emission current characteristics. A scanning electron microscope 
(SEM) image of a typical FE tip assembly, prior to mounting into the FEM, is 
shown in Figure 4a. In spite of the fact that the bundles are very malleable and 
are easily deformed in the mounting procedure, the FE pattern was always 
found in the form of the same shape (Figure 4b). At present, we refrain from 
attributing this pattern to any particular molecular orbital configuration, 
although the reproducibility suggests that always the same nanotube-end 
configuration is emitting electrons. 




Figure 4 (a) A SEM image of a bundle of MoS( 2 -x)Iy on the fiber prior to mounting into the FEM. (b) 
Typical sequence of field emission patterns from a single bundle on the FEM screen. 
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The field emission characteristics {I-U) of the same sites from Figure 4b are 
shown in Figure 5a. The corresponding Fowler-Nordheim (F-N) plots are 
shown in Figure 5b. Each point in the diagram represents the current averaged 
over 15 s. We omitted the low-field region where the FE current cannot be 
clearly distinguished from the leakage current. The leakage current, which 
may limit the accuracy of the measurements at low FE currents, was 
determined by reversing the polarity of the FEM terminals, and was found to 
be between 10-20 pA at 4.5 kV. A small hysteresis was observed when 
comparing measurements in increasing and decreasing current modes at start 
and after the initial stability measurement at the fixed voltage U = 2800V. The 
improvement after 17 hours is in accordance with the graph given in Figure 6. 





1/17/ (l/kV) 



Figure 5 (a) FE characteristics (I-U) of the same sites as shown in Figure 5(b) at start and after the initial 17 
hours stability measurement. The corresponding Fowler-Nordheim plot shows that the FE current fits to the 
standard model, usually used to describe field emission. 

The low-field region is frequently misinterpreted in terms of a "low emission 
threshold," whereas in fact the leakage current is being measured. For viability 
in commercial applications, the high current region is important, with the 
requirement for stable emission under appropriate vacuum conditions. We 
present a typical initial stability measurement of the emission current from a 
single bundle in Figure 6. The voltage was fixed to 2800 V. The current 
fluctuations were calculated to lie within 6 % during 15 h after the burn-in 
phase (2 h). 




Figure 6 The initial stability 
of the emission current from a 
single bundle. 
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Although the current cycling experiments were performed up to 80 nA, short 
term FE currents up to 10 pA were obtained from individual bundles without 
a noticeable degradation of the FE performance. Because of the risk of 
damage to our measuring instruments and the P43/aluminized anode above 1 0 
pA, we did not test the FE tips for burn-out. 

4. CONCLUSIONS 

The initial investigations of FE properties of MoS( 2 -x)Iy nanotubes show 
that they have very promising FE properties. Although the emission current at 
cycling experiments from individual sites reached up to 80 nA at a 
macroscopic field 0.9 Vpm"' and the emitter-to-anode distance equal to 5 mm, 
short term FE currents up to 10 pA were obtained without a noticeable 
degradation. To conclude, these experiments on field emitters based on MoS( 2 - 
x)Iy nanotubes, show reproducibility both in terms of emission geometry and 
FE current characteristics. Indeed in the present series of experiments, all 
measurements performed on single bundles showed very similar FE 
properties. Moreover, they appear to be inert and unsusceptible to vacuum- 
related problems, including intermediate exposure to air. The ease of 
processing and very good dispersion characteristics in combination with their 
stable reproducible FE performance suggests that MoS( 2 -x)Iy nanotubes may 
offer specific advantages in applications where these are important 
parameters. 

References 

1. Baughman, R., Zakhidov, A. A. and de Heer, W. A. (2002) Carbon Nanotubes-the Route 
Toward Applications, Science 297, 788-792. 

2 Bonard, J.-M., Kind, H., T. Stockli T. and Nilsson L.A. (2001) Field emission from carbon 
nanotubes: the first five years. Solid State Electron. 45, 893-914. 

3. N. S. Lee, D. S. Chung, J. H. Kang, H. Y. Kim, S. H. Park, Y. W. Jin, Y. S. Choi, I. T. 

Han, N. S. Park, M. J. Yun, J. E. Jung, C. J. Lee, J. H. You, S. H. Jo, C. G. Lee, and J. M. 
Kim, Jpn. (2000)4. Appl. Phys., Part 1 12B, 7154. 

4. Rosen, R., Simendinger, W., Debbault, C., Shimoda, H., Fleming, L., Stoner, B. and O. 
Zhou (2000) Application of carbon nanotubes as electrodes in gas discharge tubes, 
App.Phys. Lett. 76, 1668-1670. 

5. Okazaki, A., Akita, S., Nishijima, H. and Y. Nakayama, (2000) Nanolithography of 
Organic Polysilane Films Using Carbon Nanotube Tips, Jpn. J. App.Phys.Part 1 39B, 
3744-3746. 

6. Dean, K. A., Burgin, T. P. and Chalamala B. (2001) Evaporation of carbon nanotubes 
during electron field em.h%\on, App.Phys. Lett. 79, 1873-1875. 

7. Saito, Y., Hamaguchi, K., Mizushima, R., Uemura, S., Nagasako, T., Yotani, J. and T. 
Shimojo (1999) Field emission from carbon nanotubes and its application to cathode ray 
tube lighting elements, App. Surf. &/.146, 305-3 1 1 . 

8. Choi, W. B., Chung, D.S., Kang, J.H., Kim, H.Y., Jin, Y.W., Han, I. T., Lee, Y. H., Yung, 
J.E., Lee, N. S., Park, G. S., Kim, J. M. (1999) Fully sealed, high-brightness carbon- 
nanotube field-emission display, Tpp/. Phys. Lett. 75, 3129-3131. 

9 S. Uemura, J. Yotani, T. Nagasako, H. Kurachi, H. Yamada, T. Ezaki, T. Maesoba, T. 
Nakao, Y. Saito, and M. Yumura, SID 02 Digest, 2002, p. 1135. 




347 



10. Bandis, C., Pate, B. B. (1996) Simultaneous field emission and photoemission from 
diamondi, App.Phys. Lett. 69, 366-368. 

11. Zhang, Y. F., Tang, Y. H., Wang, N., Yu, D. P., Lee, C. S., Bello, 1. and Lee, S. T. (1998) 
Silicon nanowires prepared by laser ablation at high temperature, App.Phys. Lett. 72 , 
1835-1837. 

12. Sharma, R. B., Tondare, V. N., Joag, D. S., Govindaraj A., and. Rao, C. N. R (2001) Field 
emission from carbon nanotubes grown on a tungsten tip, Chem. Phys. Lett. 344, 283-286. 

13. Rangelow, I.W., Shi, F., Fludek, P., Grabiec, P., Volland, B., Givargizov, E.I., Stepanova, 
A.N., Obolenskaya, L.N., Mashkova, E.S. and Molchanov V.A. (1998) Micromachined 
ultrasharp silicon and diamond-coated silicon tip as a stable field-emission electron 
source and a scanning probe microscopy sensor with atomic sharpness , J. Vac. 
Sci.Technol. B 16 , 3185-3191. 

14. McCarson, B. L., Schlesser, R., McClure, M. T., and Sitar Z.(1998) Electron emission 
mechanism from cubic boron nitride-coated molybdenum emitters, App.Phys. Lett. 11, 
2909-2911. 

15. Bai, X. D., Guo, J. D., Yu, J., Wang, E. G., Yuan, J. and Zhou, W. Z. (2000) Synthesis and 
field-emission 

behavior of highly oriented boron carbonitride neino&oeK, App.Phys. Lett. 76,2624- 
2626. 

16. Lee, D. G., Baik, D. K., Kang, N. S., Cho, W. K., Yoon, S. J., Kim, T. Y., Hwang, H. D., 
Ahn, D. H. and Park, M. H. (2000) Fabrication of volcano-type TiN field emitter arrays, J. 
Vac. Sci. Technol. B 18., 1085-1088. 

17. M. Endo, H. Nakane, andH. Adachi, (2001) J. Vac. Sci. Technol. B 14, 2114-2118. 

18. Hwa-Mok Kim, Kang, T. W.,Chung, K. S., Hong J. P., and Choi W. B.(2003) Field 
emission displays of wide-bandgap gallium nitride nanorod arrays grown by hydride vapor 
phase epitaxy, Chem. Phys. Lett, 'ill, 491-494. 

19. Zach, M. P., Kwok H. Ng. Penner R. M. (2000) Molybdenum Nanowires by 
Electrodeposition, Sdewce 290, 2120-2123. 

20. Zhirnov, V., Lizzul-Rinne, C., Wojak, G. J.,. Sanwald, R. C. and Hren, J. J. (2001) 
"Standardization" of field emission measurements, J. Vac. Sci. Technol. B 19, 87-93. 

21. Remskar, M., Mrzel A., Skraba, Z., Jesih, A., Ceh, M., Demsar, J., Stadelmann, P., Levy F. 
and Mihailovic D (2001) Self-Assembly of Subnanometer-Diameter Single-Wall M 0 S 2 
Nanotubes, &/e«ce 292,479-481. 

22. Remskar, M., Mrzel, A., Sanjines, R., Cohen, H. and Levy F. (2003) Metallic Sub- 
Nanometer M 0 S 2 -XI Nanotubes, Hiiv. Mate. 15, 237-240. 




X-RAY SPECTROSCOPY 
CHARACTERIZATION OF CARBON 
NANOTUBES AND RELATED STRUCTURES 



A.V. OKOTRUB, A.V. GUSEL’NIKOV AND 
L.G. BULUSHEVA 

Nikolaev Institute of Inorganic Chemistry SB RAS, pr. Ak. 
Lavrentieva 3, Novosibirsk 630090, Russia 



Abstract: X-ray emission spectroscopy was applied for revealing the 
peculiarities in the electronic structure of different carbon nanotubes. 
The CKa-spectra of graphite and arc-produced multiwall carbon 
nanotubes (MWNTs) were shown to be similar in appearance indicating 
essentially no difference in the electronic state of carbon atoms 
constituting both materials. Slight changes detected in the spectrum of 
arc-produced single-wall carbon nanotubes (SWNTs) were attributed to 
the TT-system perturbation due to curvature of small diameter graphite 
shells. The CKa-spectrum of catalytic MWNTs showed the enhanced 
density of high-energy states that by the results of quantum-chemical 
calculations on various tube models could be caused by development of 
vacancies in the tube walls. The angular dependence of X-ray 
fluorescence from the samples of the oriented MWNTs was compared 
with that measured for graphite. The dependence can be used for 
qualitative characterization of tube alignment and definition of the width 
of occupied rr-band and defect structure of graphitic materials. 

Key words: Carbon nanotubes; graphite; X-ray fluorescent 

spectroscopy; electronic structure; anisotropy of chemical bonding. 



1. INTRODUCTION 

Morphology and atomic arrangement of carbon nanotubes are mainly 
determined by synthetic conditions [1]. The most perfect multiwall 
carbon nano tubes (MWNTs) are produced using the arc-discharge 
evaporation of graphite in an inert atmosphere [2]. The nanotubes 
formed in the cathode deposit have a diameter of 5-15 nm and free from 
catalyst. Inserting the different catalysts into electric arc makes it 
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possible to prepare single-wall carbon nanotubes (SWNTs) with varied 
diameter [3]. Chemical vapor deposition (CVD) of hydrocarbons over 
metallic catalysts yields the carbon nanotubes and filaments with 
diameter changed from 1 to 100 nm depending on the synthetic 
technique, temperature, kind and size of catalyst [4]. Relatively mild 
conditions of CVD method can result in imperfections of tube 
arrangement. Really, the catalytic carbon nanotubes are often bent and 
curved, have compartments (bamboo-shaped tubes) and layers oriented 
at an angle to the tube axis (fishbone packing). 

Defect structure of carbon nanotubes is revealed using various 
structural (electron microscopy. X-ray diffraction, etc.) and 
spectroscopic (Raman and X-ray spectroscopy) methods. X-ray 
spectroscopy is one of the direct methods for probing the electronic 
structure of solids [5]. X-ray emission spectroscopy indicates features of 
the occupied electronic states while X-ray absorption spectroscopy gives 
information about the unoccupied states. Carbon atoms formed a perfect 
hexagonal network and those constituted a defect should be different in 
the electronic state and increase of the defect portion in a material will 
have stronger effect on its electronic structure. The measured energy 
and density of electronic states can be directly related with the results of 
quantum-chemical calculations. The comparison between experimental 
and theoretical data can be considered as the test on the applicability of 
the concrete quantum-chemical method to the investigated objects. 
From the other side, the quantum-chemical modeling itself can explain 
the many peculiarities existing in the X-ray spectra of the real samples. 
The plotting of the theoretical spectra for proposing models and the 
comparison of them with experiment allow choosing the most 
appropriate type of defects and estimating defect concentration. 

With investigation of the electronic structure of carbon nanotubes, 
graphite could be a reference compound. Chemical bonding of perfect 
graphite layer has clearly defined anisotropic character caused by two- 
dimensional structure of solid. The measurement of angle dependence of 
X-ray fluorescence from high quality graphite single-crystals allows 
separation of a- and rr-bands [6]. Namely the distribution of 7r-electrons 
should be more sensitive to the imperfections in the graphite structure. It 
is very interesting the experimental definition of a- and 7r-bands in 
carbon nanotubes that could be possible only for the samples having a 
certain orientation of tubes. However the recently attempted 
measurement of angle dependence of near-edge X-ray absorption of 
catalytic MWNTs had no advances [7]. 

The aim of the present work is demonstration of possibilities of ultra- 
soft X-ray spectroscopy for structural characterization of carbon 
nanotubes and graphite and revealing the electronic state of defects. 
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2. EXPERIMENTAL AND CALCULATION DETAILS 

2.1. Synthesis of the Samples 

The apparatus for arc-discharge graphite evaporation is described 
elsewhere [8]. The cathode deposit was produced by a simultaneous 
evaporation of seven graphite rods in helium gas of 800 Torr. The d.c. 
arc current was typically 1000 A at 35-40 V. The inner part of the 
deposit had a laminated texture and as was estimated by transmission 
electron microscopy (TEM) to consist of 80% MWNTs [9]. The soot 
containing SWNTs was prepared by arc-discharge evaporation of a rod 
filled by a mixture of graphite with 2.5 wt% Co and 2.5 wt% Ni [10]. To 
purify SWNTs the soot was heated in nitric acid. 

The catalytic MWNTs were produced by decomposition of acetylene 
at 700°C over 2.5 wt% Co - 2.5wt% Fe / NaY zeolite catalyst. After 
reaction, the catalyst was removed by repeated dissolution in 
hydrofluoric acid. Since the nanotubes contained some pyrolytic carbon, 
it was eliminated by oxidation using KMn04 in diluted sulphuric acid 
solution at room temperature [11]. The tube annealing was carried out in 
argon atmosphere at 1000°C. 

The films of vertically aligned nanotubes on silicon and quartz 
substrates were prepared by thermal catalytic chemical vapour 
decomposition (CCVD) of ferrocene/ fiillerene mixture [12]. The 
horizontal CCVD apparatus consists of a stainless steel gas flow reactor 
of 1 m length and 3.4 cm diameter and a tubular furnace with a heating 
length of 30 cm. A ceramic boat with a mixture of fiillerene Ceo and 
ferrocene Fe(CsH5)2 taken in the ratio of (1:1) was placed inside the 
quartz tube under the silicon (quartz) plate of size 10x10 mm. The 
pyrolysis was performed at 950°C and atmospheric pressure in an argon 
flow (3 1/min). 

The micrographs of the products were obtained with a JSM-T200 
scanning electron microscope (SEM) and a JEM-2010 transmission 
electron microscope. 

2.2. Measurement of X-Ray Spectra 

CKa-spectra of the carbon nanotube and graphite samples were 
recorded with a laboratory X-ray spectrometer «Stearat» using 
ammonium biphthalate (NH4AP) single crystal as a crystal-analyzer. 
This crystal has nonlinear reflection efficiency, which is corrected by 
the procedure described elsewhere [13]. Angle dependence of X-ray 
emission spectra of graphite and MWNTs was measured at different 
orientations of sample surface to the take-off 6 direction of the emitted 
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radiation. An angle between exiting beam and emitting one was eonstant 
and equal to 70°. The sample of are MWNTs was evenly abraded on the 
polished eopper support. The film of aligned MWNTs was foreed 
against the polished eopper support by a niekel mask. The samples were 
eooled down to liquid nitrogen temperature in the vaeuum ehamber of 
the X-ray tube with eopper anode (U=6 kV, 1=0.5 A). Determination 
aeeuraey of X-ray band energy was ±0.15 eV with speetral resolution of 
0.5 eV. The speetra were normalized at the maximal intensity. 

2.3. Computation 

The quantum-ehemieal ealeulations of earbon models were earried 
out using the semi-empirieal AMI method within the GAMESS 
paekage [14]. The geometry of ideal (8,8) tube and bent tube was 
optimized by standard BEGS proeedure to the gradient value of 10'"* 
Ha/Bohr. X-ray transition intensity was ealculated by summing the 
squared eoeffieients with whieh earbon 2p atomic orbitals (AOs) 
involved in the concrete occupied molecular orbital (MO). The energy 
location of intensity corresponded to the MO eigenvalue. Calculated 
intensities were normalized by maximal value and broadened by 
convolution of Eorenzian functions with half width at half maximum 
(HWHM) of 0.5 eV. 

3. RESULTS AND DISCUSSION 

3.1. Electronic Structure of Diverse Carbon Nanotubes 

TEM pictures of the measured carbon materials are shown in Fig. 1. 
The arc-produced SWNTs having diameter of 1.3 nm form long ropes 
(Fig. 1(a)). The sample heated in acid still contains some amount of 
amorphous carbon and metal particles. The material from the inner part 
of cathode deposit consists of MWNTs and multiwall polyhedral 
particles (Fig. 1(b)). The outer tubes diameter is in the range of 10-15 
nm. The arc-produced MWNTs have well graphitized shells. The 
catalytic MWNTs with diameter of 15-20 nm are characterized by bent 
and wavy walls (Fig. 1(c)). The tube tips were opened during the 
oxidation step. 

Figure 2 compares the CKa-spectra measured for poly crystalline 
natural graphite and materials containing diverse carbon nanotubes. The 
spectra show three main features. The maxima A and C in the graphite 
spectrum originate from the occupied n- and a-states respectively. Both 
types of states are involved in the formation of shoulder B [15]. The 
spectra of graphite and multiwall carbon nanoparticles from the cathode 
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deposit are in good agreement 
(Fig. 2(a, b)). The typical arc- 
produced MWNTs are straight 
with the defects concentrated 
close to the tips mainly. Hence, 
the portion of defects in such 
tubes may be assumed to be 
about the same as that in natural 
graphite, the boundary grain 
atoms in which are different from 
the bulk atoms in the electronic 
state. 

The CKa-spectrum of arc- 
produced SWNTs (Fig. 2(c)) is 
somewhat distinguished from the 
top spectra by intensity and 
structure of main features, 
namely, the maxima C and A are 
broadened and the latter 
maximum is slightly increased. 
The broadening of the maximum 
C is likely to be due to the 
residual contaminations in the 
sample. The changes in the 
maximum A can be attributed to 
the redistribution of 7r-electrons with rolling of graphene sheet into a 
small diameter cylinder [16]. The recently performed measurements on 
the SWNTs produced by laser vaporization method support this 
conclusion. The comparison between CKa-spectra of graphite and 
purified SWNTs in ‘bucky paper’ had detected the high-energy 
maximum in the latter spectrum was slightly broadened and increased in 
relative intensity by about 10% [17]. 

CKa-spectrum of catalytic MWNTs is significantly different from 
other spectra by increase of intensities of the features B and A (Fig. 
2(d)). As TT-electrons participate in origin of both these features the 
valence band of catalytic tubes is characterized by rising density of n- 
states that may be connected with high portion of defects breaking the 
uniformity of hexagonal carbon network. 

Three kinds of defects can be generated in the graphitic shells of 
carbon nanotubes: topological defects, sp^-hydridized carbon atoms, and 
incomplete bonding [1]. Topological defect in the graphite layer is a 
ring, which is different of hexagon. Occurrence of pentagons and 
heptagons gives a clearly visible effect on tube structure, namely, tube 




Figure 1. TEM pictures of SWNTs (a) and 
MWNTs (b) prepared in electric arc and 
catalytic MWNTs (c). 
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bend [18]. The relative position of these 
rings in the otherwise perfeet hexagonal 
network determines the angle of bending. 
The sp^-hybridization of earbon atoms 
ean be realized due to intershell linkages 
in MWNTs that might aceount for the 
waviness and segmentation of tube 
layers. The incomplete bonding is 
attributed to the edge carbon atoms, 
which constitute the open tube ends or 
boundary of vacancies. 

To check the effect of various defects 
on the shape of CKa-spectrum we 
compared the results of quantum- 
chemical calculations of ideal carbon 
tube and defective ones. The armchair 
(8,8) tube with 1.1 nm diameter was 
chosen as a model. The calculated tube 
Figure 2. CKa-spectra measured structures are shown in Fig. 3 (right part). 

Im-proS' am^ The ideal (8,8) tube has closed ends. The 
produced SWNTs (c), catalytic bent tube IS a junction of armchair (8,8) 
MWNTs (d), and catalytic and zigzag (14,0) tubes realized by 
MWNTs annealed at 1000°C (e). insertion of pentagon and heptagon in 

diametrically opposite position. The sp^- 
hybridized carbon atoms link the inner and outer shells of double 
(4,4)@(8,8) tube [19]. Geometry of the double tube fragment was 
relaxed by the molecular mechanic MM+ force field. The optimized 
length of the bonds between sp^-hybridized atoms is equal to 1.61 A, the 
maximal intershell spacing is about 2.92 A, that is somewhat different 
from that in MWNTs. The dangling bonds at the ends of bent tube and 
double tube fragments were saturated by hydrogen atoms. The vacancies 
in the (8,8) carbon nanotube were generated by removing of two 
neighboring atoms (two-atomic vacancy). Theoretical CKa-spectra 
calculated for the tube models are compared in Fig. 3 (left part). The 
spectrum of ideal (8,8) tube shows three features A, B, C (Fig. 3(a)) 
with relative intensity and separation being in well agreement with those 
of the arc-produced MWNTs spectrum (Fig. 2(b)). Slightly enhanced 
intensities of the features A and B in the theoretical spectrum could be 
attributed to rather small diameter of the calculated tube. 

The density of 2p-electron states for carbon atoms composing the 
pentagon-heptagon defect in the bent (8,8)-(14,0) tube is presented in 
Fig. 3(b). Compared with the spectrum of ideal tube, the spectrum of the 
topological defect is characterized by increase of intensity of the 
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Figure 3. Theoretical CKa- 
spectra calculated for ideal 

(8.8) tube (a), pentagonal 
and heptagonal rings in bent 

(8.8) -(14,0) tube (b), 
marked hexagon from the 
outer shell of double 
(4,4)@(8,8) tube (c), and 
tube with two-atomic 
vacancies (d). The dangling 
edge bonds of bent and 
double tube fragments are 
saturated by hydrogen 
atoms. 



shoulder B and almost the same relative intensity of the maximum A. It 
is believed that oeeurrenee of pentagons and heptagons in the earbon 
nanotube strueture eannot provide high density of weekly bonding k - 
states. The sp^-hybridized atoms have a perturbing aetion on the rr- 
system of graphite shell that eauses a pronounee enhaneement of both 
high-energy features, A and B, in the density of states ealeulated for the 
atoms eomposing a eonvexity of the outer shell of double (4,4)(^(8,8) 
tube (Fig. 3(e)). Nevertheless, ineorporation of sueh kind of defeets into 
the tube eonstruetion eannot satisfaetory explain the features in the 
speetrum of eatalytie MWNTs. Theoretieal speetrum plotted for the 
(8,8) tube with vaeaneies shows a eonsiderable rise of the maximum A 
(Fig. 3(d)). The ehanges in the speetrum of ideal (8,8) tube with 
produeing of vaeaneies have a tendeney similar to that revealed at the 
eomparison between CKa-speetra of are-produeed and eatalytie 
MWNTs. Inerease of density of high energy states is eaused by 
eontribution of eleetrons of dangling bonds at the vaeaney boundaries. 
The vaeaney ean be developed during the synthesis in the ease of 
defieient in earbon atoms for perfeet network formation or with the 




356 



purification of nanotube containing material. Healing of vacancies can 
be achieved with high temperature annealing of carbon nanotubes. 
Actually, the CKa-spectrum of catalytic MWNTs annealing at 1000“C 
(Fig. 2(e)) demonstrates decrease of intensity of maximum A relative to 
that in the spectrum of pristine material (Fig. 2(d)). 

3.2. Anisotropy of Chemical Bonding in Graphite and 
Carbon Nanotubes 

Anisotropy of chemical bonding in graphite crystal causes a 
dependence of the CKa-spectrum shape on the radiation take-off angle 
6 measured with respect to the graphite layer planes. The spectral bands 
originated from transition of n- and a-electrons exhibit a different 
angular dependence that provides information on the spatial orientation 
of C2p-orbitals. The graphite CKa-spectrum mainly corresponds to the 
a-subband when the angle between (001) graphite planes and emitting 
fluorescence direction is equal to 6 = 90°. The 7t-electrons give the 
greatest contribution to the spectrum with the angles 6 close to zero. 
Figure 4 (a) demonstrates the angular dependence of X-ray fluorescence 
from highly oriented pyrolytic graphite (HOPG). Detectable intensity of 
the feature A in the CKa-spectrum measured at 6 = 90° indicates the 
imperfection and mosaic structure of the investigated HOPG sample. 
Separation of the graphite 7t-subband was achieved following the 
procedure described in [20]. The spectral intensity measured at 6 = 90° 




Figure 4. CKa-spectra of HOPG measured for the radiation take- 
off angles 0 = 10°, 45°, and 90° (a). The scheme shows relation 
between 0 and graphite layers plane. Selection of 7l-band in the 
HOPG spectrum measured at 0 = 45° (b). 
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Figure 5. STM picture of inner part of the cathode deposit (a) shows predominant 
orientation of carbon nanotubes in a layer. CKa-spectra of arc -produced MWNTs 
measured for the take-off angles 6 = 15°, 45°, and 75°. Selection of 7t-band in the 
carbon nanotube spectrum measured at 0 = 45° (c). 



was subtracted from that obtained for 6=1 0° and than the resultant 
difference was fitted by intensity to the short-wave side of the CKa- 
spectrum measured at 6 = 45° (Fig. 4(b)). The distribution of occupied 
TT-electrons in HOPG has almost symmetrical shape and width about 7 
eV. 

Carbon nanotubes, the walls of which are represented by the rolled 
graphene sheets, have the chemical bonding anisotropy also. Radial 
directed carbon AOs are analogous to the ir-orbitals in graphite. The 
AOs, which are tangential to a tube surface, are a-like orbitals. Because 
of a cylindrical, nonplanar, surface of tube shells, the observed angular 
dependence of X-ray emission for the carbon nanotubes sample should 
be smaller than that for the graphite. The reason is the angular 
independence of X-ray emission intensity when the radiation is 
perpendicular to the graphitic cylinder surface. 

Optimization of conditions of arc-discharge graphite evaporation, 
particularly configuration of anode and value of helium pressure, had 
lead to the predominant orientation of carbon nanotubes in the layers of 
material deposited onto cathode [9]. SEM image of the material 
presented in Fig. 5(a) shows the bundles of MWNTs. The sample for the 
angular measurements was mounted by such way that MWNTs were 
mainly adhesive parallel to the support surface with even azimuthal 
distribution. The CKa-spectra were obtained for three orientations of 
the sample surface 6 = 15°, 45°, and 75° with respect to the take-off 
direction of the emitted radiation (Fig. 5(b)). The principal distinguish 
between the spectra is a change of relative intensity of the features A 
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Figure 6. SEM images of carbon nanotube forest grown on a Si substrate: side view (a) 
and top view (b). TEM picture of a bundle splitting into individual carbon nanotubes (c). 
CKa-spectra of the film measured at two take-off angles 15° and 90° of X-ray 
fluorescence (d). The 7i-band was obtained as difference of the spectra. 

and B. Both these features are formed with the partieipation of K- 
electrons, as the maximum C eorresponds to the a-electrons only [21]. 
The angular dependence of X-ray fluorescence for arc-produced 
MWNTs is considerably less than that obtained for HOPG. In addition 
to the cylindrical symmetry effect, the other reason of reduced variation 
in the high energy spectral intensity is poor alignment of MWNTs. 
Distribution of 7r-electrons in the valence band of arc-produced MWNTs 
was obtained by subtraction of the CKa-spectrum taken at 6 = 75° from 
the spectrum obtained for 6=15°. The resultant intensity was 
normalized to the 281 eV feature of the CKa-spectrum measured at 
6 = 45° (Fig. 5(c)). The obtained 7r-electrons distribution is 
characterized by large fluctuations that could be due to week 
interactions between carbon nanotubes in the samples. Compared to 
HOPG, the TT-band of arc-produced MWNTs is slightly wider and has an 
asymmetric shape. The asymmetry of rr-band in the low-energy spectral 
region arises from high intensity of the feature B indicating rather 
perfect arrangement of graphitic shells of arc-MWNTs. 

One of the simplest methods for preparation of MWNTs with good 
alignment is CCVD technique [22]. Figure 6(a) shows a carbon 
nanotubes forest grown on a Si substrate. The tubes are closely packed 
and vertically aligned in the sample. The SEM image of the film surface 
demonstrates rather uniform distribution of the tube tops (Fig. 6(b)). The 
TEM picture reveals the MWNTs being about 100 A in diameter form 
ropes (Fig. 6(c)). The CKa-spectra of the sample produced measured at 
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two take-off angles 6=15° and 90° of X-ray fluorescence are shown in 
Fig. 6(d). The spectra have the dominant maximum around 277 eV, the 
shoulder at 278.5 eV, and the less intense maximum at 281 eV, which 
are close in energy to main features in the CKa-spectra of graphite and 
arc-produced MWNTs. The enhanced intensity of the 278.5 eV shoulder 
in the measured spectra compared to the spectrum of arc-produced 
MWNTs might be caused by an additional contribution from the iron 
carbide FcsC [23]. The principal distinguish between two measured 
spectra is a change of relative intensity of the high-energy features. In 
contrast to the angular dependence obtained for the CKa-spectra of 
HOPG and arc-produced MWNTs the spectrum taken at 6 = 90° 
exhibits the higher intensity of the features. The inverse angular 
dependence of X-ray emission from CCVD carbon nanotubes is due to 
their perpendicular deposition to the support. The smaller variations in 
the CKa-spectra of vertically aligned MWNTs compared to those 
observed for other graphitic samples could be due to larger defectness of 
the CCVD tubes. Really, the 7t-band being a difference between CKa- 
spectra taken for 6 = 90° and 15° is considerably different from the n- 
bands of HOPG and arc-produced MWNTs. The 7t-band of the CCVD 
tubes exhibits a new feature around 281.5 eV indicating lowering of 
density of weekly bonding 7t-states. The reason is most likely to be 
disruption of the hexagonal carbon network uniformity. 

The comparison of 7t-systems selected from the angular dependence 
of X-ray fluorescence measured for graphitic-like materials showed that 
the arc-produced MWNTs are characterized by most perfect atomic 
arrangement in the considered series. The density of 7t-occupied states 
of arc-MWNTs has maximum around 282 eV while this value is equal 
to 280.8 and 279.8 eV for HOPG and CCVD MWNTs respectively. The 
detected shift toward the low-energy region indicates increase of n- 
electrons bonding that could be caused by decrease of the 7t-system size. 
Really, the defects in arc-produced MWNTs are mainly concentrated at 
the tubes ends and, hence, the perfect shells areas should be compared 
with the average tubes length (-1000 nm). The investigated HOPG 
sample was estimated from X-ray diffraction measurements to consist of 
the graphitic crystallites with about 100 nm dimension. Finally, the 
layers of CCVD MWNTs often have the fishbone packing that can 
reduce the size of graphitic fragments up to 10 nm. 

4. CONCLUSION 

X-ray fluorescent spectroscopy is one of the direct methods for 
probing the electronic structure of solids. Furthermore, the 
measurements of angular dependence of X-ray fluorescence from 




360 



anisotropic solids allow experimental definition of 7r-system. We 
applied the ultra-soft X-ray emission spectroscopy for investigation of 
carbon nanotubes prepared in different synthetic conditions. CKa- 
spectra of arc-produced MWNTs and SWNTs were shown to be similar 
to the spectrum of natural graphite. High temperatures of the electric arc 
provide generation of the perfect graphitic shells and the portion of 
topological defects needed for tube closing is comparable with that in 
polycrystalline graphite, which boundary grain atoms are differed by 
electronic states from the central atoms. Slight change in intensity 
detected for the high-energy region of the SWNTs CKa-spectrum was 
attributed to the 7i-system perturbation with formation of small diameter 
graphitic cylinder. The processes of decomposition of hydrocarbons 
over metallic nanoparticles proceed at rather mild conditions that often 
results in tube bending and coiling, formation of compartments and poor 
layer graphitization. Imperfection in the tubes arrangement led to 
considerable enhancement of density of high-energy occupied states in 
the CKa-spectrum of catalytic MWNTs. Three tubular models 
involving pentagon-heptagon pair, sp^-hybridizated carbon atoms, and 
incomplete bonds were calculated using a quantum-chemical method for 
revealing the effect of different kinds of defects on the density of 
occupied states. Comparison of the CKa-spectra plotted by the results 
of defective structures calculations with the spectrum of ideal tube 
showed only vacancies can provide the spectral changes observed in the 
experiment. Electrons of dangling bonds at the vacancy boundaries have 
almost the same energy as the localized 7r-states that gives essential 
addition to the intensity of high-energy maximum of the theoretical 
spectrum. The sp^-defects, which could be realized as the linkages 
between tube shells or as the hydrogenated carbon atoms, increase the 
TT-electrons localization that however is insufficient for the experiment 
interpretation. The topological defects were found to produce no gain in 
the intensity of high-energy occupied states. 

The angular dependence of CKa-spectra was compared for HOPG 
and MWNTs produced by arc-discharge and CCVD methods. The 
predominant orientation of MWNTs in a certain direction was achieved 
directly in the synthesis. The measurements of X-ray fluorescence for 
different take-off angles were shown to provide information about the 
sample texture, namely, orientation of graphitic layers respect to the 
substrate surface and layer ordering. The smallest variations in the 
CKa-spectra observed for the catalytic MWNTs are associated not only 
with poor alignment of tubes in the sample but with high defect 
structure of tube shells as well. The systematic low-energy shift of the 
maximum of density of 7r-occupied states was detected for arc-produced 
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MWNTs, HOPG, and catalytic MWNTs and correlated with the size of 
graphitic fragments. 
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Abstract: There has been increasing interest in the fabrication of 
nanostructured magnetic materials because of their unusual properties 
compared to bulk materials and for their potential applications to ultra- 
high-density magnetic recording, sensors and other devices. Many 
different techniques have been employed to produce nanoscaled materials. 
Among them, electrodeposition is a simple, low-cost and high throughput 
technique. In this paper, we focus on a particular category of magnetic 
nanowires and multilayered nanowires fabricated by electrodeposition 
into templates. The template synthesis has recently proved to be an 
elegant chemical approach for the fabrication of nanoscale materials and 
an alternative to sophisticated methods such as molecular beam epitaxy 
and microlithography. In this method, thin fibers are electrochemically 
synthesized into nanometer-wide cylindrical pores of a porous material. 
Interestingly, depending on the nature of the material and on other factors, 
such as the chemistry of the pore wall, these deposited cylinders may be 
solid (a nanowire) or hollow (a nanotube). This work is referring to thin 
fibers of magnetic materials that were electrochemically synthesized 
within the nanosized pores of nuclear track-etched porous membranes 
(PET films typically of 5-50 pm thick). Obtained nanowires have a 
diameter in the range 10-50 nm for a length of the order of 10 pm, and can 
be composed of a stack of layers of different metals with thickness in the 
nanometer range (multilayered nanowires). The paper describes the 
preparation methods, presents stmctural characterization and magnetic 
properties of nanowires. Finally, are suggested some possible 
applications. 

1. NANOSCIENCE AND NANOTECHNOLOGY - 
TOWARDS AN ULTIMATE LIMIT 

Nanometer scale stmcture and nanostmctured materials play an 
increasing pervasive role in a wide range of scientific disciplines ranging 
from solid state physics through to molecular biology. In response to the 
ever-increasing demands for high performance data storage media and 
sensing devices, great effort is currently put into the development and 
studies of innovative magnetic materials [1-3]. As the sizes of devices are 
reduced, and as more and more information is packed into smaller and 
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smaller volumes, nanotechnology tends towards an ultimate limit, which 
is set by the quantum properties of matter. Just where does that limit lie? 
How small are the smallest devices which can be made? Should nanoscale 
devices be built up atom by atom or engineered by refining conventional 
fabrication techniques? What will be the applications of nanotechnology 
in computing? in medicine? Will nanotechnology revolutionize our 
future? Does the nanoscale hold new and fundamental scientific and social 
challenges? Many of these questions will found its answer in the near 
future as a result of large contribution of the scientists’ cooperative from 
different preoccupation field: physics, chemistry, materials science and 
engineering, biology, medicine etc. 

Nanofabrication offers the technical ability to fabricate objects 
with nanometric scale precision having unique optical and electronically 
properties, and which may be tailored by manipulating the size, the shape, 
or the composition of the nanostructures. Many of the unusual magnetic 
properties of the nanomagnets come about by imposing a geometrical 
restriction on the magnetization. As the size of the nanomagnets becomes 
comparable to key magnetic length scales, such as the exchange length (in 
the nm range), or the domain wall width (nm - pm range), the 
magnetization configuration may indeed be strongly affected. The 
understanding of how finite lateral size may affect the magnetic behavior 
of nanostructures is of primary importance from practical and theoretical 
viewpoints. For example, necessary to achieve ultra high density in 
magnetic storage media is that the lateral size of the information bits be as 
small as possible, without though the bit volume reaches the super- 
paramagnetic limit beyond energy needed to switch the magnetization of a 
bit becomes less than the thermal energy [1]. Also required is that the 
transmission region between two bits of opposite magnetization be as 
narrow as possible, which in continuous thin film media is clearly 
hindered by the finite width of the domain walls. A promising way to 
achieve small lateral size, with comparatively large volume and hence 
high magnetic anisotropy energy of the bits is to realize nanowire arrays. 

Magnetic nanowires, fabricated by various methods, represent an 
important family of magnetic nanostructures. Many different techniques 
have been employed to produce magnetic nanowires [2, 4, 5]. Among 
them, electrodeposition is a simple, low-cost and high throughput 
technique. 

In this article, we review the recent investigations as well as some 
open issues in magnetic nanowires, and arrays of nanowires, in terms of 
the fabrication technique (electrodeposition) as well as their physical 
properties. This subject has been briefly reviewed earlier [1-12], and here 
we present a more exhaustive description of the state-of-the-art. Note that 
electrodeposition techniques discussed here are also common to other 
types of nanostructures, magnetic or not, ordered or not. 
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2. FABRICATION 

Nanowires and arrays of nanowires are usually fabricated by 
filling a porous template that contains a large number of straight 
cylindrical holes with a narrow size distribution. Filling proceeds in 
solution by electrochemical deposition. Useful templates for 
electrochemical deposition of nanowire arrays include porous alumina 
films formed by anodic oxidation of aluminium (alumite membranes or 
anodized aluminium films), nuclear track-etched porous membranes, 
nanochannel array -glass and mesoporous channel hosts. The first two are 
commercially available. The properties of nanowire arrays are directly 
related to properties of the nanoporous templates such as the relative pore 
orientations in the assembly, the pore size distribution, and the surface 
roughness of the pores. Most works have focused on nanowire arrays 
grown in polymer (polycarbonate, PET, PVDF etc) membranes. These 
membranes are made using the nuclear track-etched technology in which a 
film (typically 5-50 pm thick) of polymer is bombarded by heavy ions of 
high-energy accelerated in a cyclotron. The irradiated film is then etched 
in an adequate media where tracks are revealed, leading to the formation 
of pores with a diameter depending on the etching time. Recently, the 
technology has been improved in order to produce reliable and 
reproducible nanoporous polymer membranes. These membranes exhibit 
improved properties in terms of pore shape, minimal size, size control and 
parallel arrangement of the pores [1, 12]. 

Co, Ni and Fe nanowire arrays can be fabricated using 
commercially available polycarbonate membranes (Nucleopore Inc.). 
These membranes are approximately 6 pm thick and have relatively high 
pore densities of about 6x10* cm‘^. Prior to electrodeposition, a metallic 
(Cu, Au) film serving as cathode is evaporated on one side of the 
membrane. The membrane sample is then placed in an electrodepositing 
cell (made by glass or teflon). A schematic illustration of the experimental 
arrangement is shown in Fig. 1. In Fig. 2 is schematically shown an array 
of nanowires in a nanoporous membrane. 




Fig. 1. Schematic illustration of the experimental 
nanowires set-up for deposition of magnetic nanowires. 



Fig. 2 Schematic of an array of 
in nanoporous polymer membrane. 
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Cobalt nanowires can be electrodeposited from a solution of 40 g/1 
C 0 SO 4 • 7 H 2 O, 40 g/1 H 3 BO 3 , 20 g/1 ammonium citrate buffered to pH 3.5 
[5]. The solution for nickel nanowires deposition can be 270 g/1 NiS 04 • 
7 H 2 O, 40 g/1 H 3 BO 3 , 40 g/1 NiCl 2 • H 2 O buffered to pH 3.6 [5]. Iron 
nanowires can be electrodeposited using a sulfate bath containing 200 g /1 
FeS 04 • 7 H 2 O, 0.50 g/1 H 2 C 2 O 4 , 8.50 g/1 glycine buffered to pH 4.5 [ 6 ]. 
Similarly, NiFe (14 at % Fe, 86 at % Ni) alloy nanowires can be 
electrodeposited from an electrolyte containing 6 g/1 FeS 04 • 7 H 2 O, 218 
g/1 NiS 04 • 7 H 2 O, 25 g/1 H 3 BO 3 , 10 g/1 NaCl buffered to pH 3.6 [5]. The 
electrodeposition process is controlled by a computer which continuously 
integrates the charge during nanowires deposition. The deposition process 
is stopped when the wires emerge from the surface (as evidenced by a 
sudden increase of the plating current). Figure 3a shows a potentiostatic 
electric current I versus time t characteristic (I-t characteristic) for the 
reduction of Ni^^ on track-etched polycarbonate membrane [12]. The 
schematic displays three different stages of the growth process. 




Fig. 3. (a) Electrochemical reduction 
current I(t) as a function of time t for 
the potentiostatic plating of Ni in 
pores of polycarbonate membrane 
with pore-diameter d = 80 nm. (b) 
Three detailed characteristics of I(t) 
and the charge Q(t) for Ni growth at - 
1.0 VscE (SCE - saturated-calomel 
electrode). 



In the same figure, two pores are schematically drawn in cross-section at 
three different stages of the growth process. During the first stage (left 
schematics labeled I) the metal (shown hatched) is growing in the pores 
while the reduction current takes on a value of ~ 2 mA. Growth proceeds 
in the pores until they are filled up to the top surface of the membrane 
(middle schematics). Beyond this, growth can continue in three 
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dimensions. This is the transition region (labeled II), which starts at the 
position of the arrow in Fig. 3a when current rapidly increases since the 
effective electrode area increases (a right schematics labeled III). 

Electrodepo sited multilayered nanowires are usually obtained from 
a single bath using a pulsed deposition technique. Typical cathode current 
transients resulting from potentiostatic pulses of pulse-plated Co/Cu 
multilayered nanowires are represented in Fig. 4 [8]. A computer 
continuously integrates the charge during each layer deposition. 




time 



Fig. 4 Time traces of the 
potential and plating 
current of pulse-plated 
Co/Cu multilayered 
nanowires. 



The potential is switched when the deposition charges for the 
nonmagnetic (Cu) and the magnetic layers reach the set value. Such a 
procedure is required to give uniform layer thicknesses all along the 
multilayered filament (nanowire). Dividing the membrane thickness by 
the number of cycles gives the average period for the wires involved in 
the nano wire arrays. 

The control of the wire structure can be achieved via the 
overpotential used to initiate growth. Therefore, nanotubes, whose 
formation could result from a complexation between metal ions and the 
polymeric membrane, have been also synthesized [6]. By changing the 
pulse cycles of the two pulse steps electrodeposition current, metallic 
hallow nanotubes can be electrochemically synthesized. In Fig. 5a, a TEM 
micrograph clearly shows interlaced iron nanotubes [6] . 
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Fig. 5. (a) TEM image of Fe nanotubes growth in a polycarbonate membrane by 
using two pulses steps electrodeposition current, (b) An aperture is clearly visible at the 
last extremity of a Fe tube. 



The observation of the tubes reveals clusters coalescing inside a tube 
(dark spot). This image clearly illustrates the two steps proposed growth 
mechanism with the filling of the tubes after the formation of the outer 
wall. The early stage of growth is likely a complexation of Fe^^ metal ions 
together with the COs^' carbonate function of the polymeric membranes, 
which is highly favorable because the interaction between the chemical 
species is strong. This first stage results in a coating of the inner part of 
the membrane pores with metal ions. In the second stage, reduction via 
electrochemistry of the metal species from Fe^^ into Fe leads to the 
formation of the tubes (deposition time ~ 6-8 min). At higher resolution, 
an aperture at one extremity of a tube is clearly visible (Fig. 5b). The wall 
was evaluated to be ~ 1 to 2 nm thick, which corresponds to a few atomic 
planes. The polymer and alumite membranes have successfully been used 
to prepare colloidal suspensions in which the nanorods are dispersed and 
stabilized in water. For example, the polycarbonate membranes can be 
dissolved in 40° C dichlormethane (CI 2 CH 2 ), rinsed in fresh, 
dichlormethane, chloroform and ethanol. In case of the aluminium oxide 
model system, the oxide can be dissolved in a 1.25 M NaOFI solution 
containing 0.1 mM polyvinylpyrrolidone (PVP, M = 40, 000). Figure 6 
shows SEM image of Ni nanorods from a colloidal suspension obtained 
after completely dissolving the polycarbonate membrane in 
dichlormethane (CFI 2 CI 2 ) and collecting the wires on holey carbon grides 
[12]. 

It has been found that there is a significant influence of deposition 
conditions on the deposit properties. It was found that pH of the 
electrolyte shows a strong effect on the phase structures obtained. The 
increasing the bath acidity favors formation of more phase structures. It 
also decreases the amount of deposited alloys, which is explained by the 
lower Faraday efficiency in the solutions of lower pH. The temperature of 
solution exerts a profound influence on the deposit and it favors the 
formation of new phases. It was also found that the rate of deposition 
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depends strongly on electrolyte temperature. Among all parameters 
investigated the deposition current density exerts the greatest effects, both 
on the appearance of the deposit and its phase structure. Figure 7 shows 
anodic linear sweep voltammetry (ALSV) diagrams of Fe nano wires 
deposited at different current densities (4, 7, 9 and 12 A dm'^) at t = 40“ C 
for t = 8 min [1, 12]. 




Fig. 6. SEM image of Ni nanorods 
nanowires from a colloidal suspension. 



Fig. 7. ALSV voltammograms of Fe 
in a sulfate solution of pH 2.5 at 23** C. 



Alloys deposited at low current densities (4 A dm'^) contain only one 
phase structure, since only one dissolution peak is observed. Alloys 
deposited at higher current densities (7 and 9 A dm'^) show more 
dissolution peaks, indicating the presence of more different phase 
structures. However, at current densities larger than 12 A dm'^, peak II is 
not observed, indicating that the phase structure which corresponds to 
peak II and which is the only one present in the deposits obtained at low 
current densities, is absent in the deposits obtained at very high current 
densities. It can be seen from Fig. 7 that the deposition current density 
also influences the total Faraday efficiency of the deposit and increases 
with current density irrespective of the temperature. 



3. CHARACTERIZATION 



Microanalysis of nanowires and multilayered nanowires can be 
performed in TEM and scanning TEM (STEM) by X-rays energy 
dispersive spectroscopy (XEDS) and electron energy loss spectroscopy 
(EELS), the former being more quantitative and the latter having a higher 
spatial resolution [1, 12]. In the case of multilayered nanowires, we can 
alternatively use another method based on the relationship between the 
layer thickness dNM and dM and the electric charges Qnm and Qm 
transferred at the cathode during the corresponding pulses. Figure 7 shows 
dbiiayer as a Ilinction of Qcu for the Co/Cu system [8]. 
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Fig. 8. Mean thickness of bilayer as a 
function of electric charge transferring 
at cathode 




Fig. 9 XRD pattern of Ni nanowires deposited 
during in the nanoporous anodic alumina 
membrane. Cu deposition in Co/Cu 
multilayered nanowires. 



Using the Faraday’s law, the following relationship can be derived: 



rf«w('«») = 36.772^ + 34.37e^ (1) 

where A is the cathode surface area (in mm^) which depends on the pore 
density diameter; pcu and pco are the cathode current efficiencies for 
pulsed electrodeposition of Cu and Co, respectively; the two charges Qcu 
and Qco in Eq. (1) are expressed in mC. From the slope and intercept of 
the straight line of Fig. 7, we can obtain rjco/ricu = 0.72 and dco 24 nm. 

Detailed structural characterization of nanowires and multilayered 
nanowires can be done by X-ray diffraction (XRD), scanning electron 
microscopy (SEM) analytical transmission electron microscopy (TEM) 
and atomic force microscopy (AFM) [1]. Figure 8 shows XRD pattern of 
Ni nanowires deposited in the nanoporous anodic alumina membrane [1]. 
Figure 9 shows SEM images of Ni wires grown in 80 nm diameter pores 
of a polycarbonate membrane [1]. Hemispherical caps form on top of the 
wires if the growth will proceed after the pores will be filled up to the top 
surface of the membrane. The total length of a wire is ~ 6 pm. The right 
most image shows the top a bottom 2 pm of one and the same wire. Figure 
10 shows TEM images of a short-period Py/Cu multilayer grown on a 
pure permalloy (Ni 8 oFe 2 o-Py)- The structure is FCC and the <1 10> axis is 
parallel to the growth direction [1, 8]. The period of the super lattice 
shown in Fig. 10 is about 5 nm. It is noted that for a 20 pm-thick 
membrane, multilayered nanowires composed of more than 3000 bilayers 
can be prepared. 
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Fig. 10. SEM images of Ni wires 
grown in a polycarbonate membrane. 








Fig. 11. TEM observations in <11 1> zone 
axis of a Py/Cu multilayered nanowire. 



4. PROPERTIES OF ELECTRODEPOSITED 
NANOWIRES 

Magnetization of the nanowires can be determined at room 
temperature using a vibrating sample magnetometer (VSM). Low 
temperature magnetization measurements can be carried out using a 
superconducting quantum interface device (SQUID). Magnetic domain 
structure can be evidenced by magnetic force microscopy (MFM) [4, 9, 
12]. Generally, the enhancement of coercivities of ferromagnetic 
nanowires increases for decreasing wire diameter due to the decreasing 
probability of multiple domains in the nano wires. The high anisotropy 
observed for the nanowire arrays has possible application to high density 
perpendicular magnetic recording media. By having their preferred 
magnetization perpendicular to the sample plane (parallel to nanowire 
axis), magnetic media with perpendicular anisotropy can allow smaller bit 
size and thus increase the recording density. As has been shown, the 
magnetic nanowire arrays studied exhibit high perpendicular anisotropy 
due to their unique artificial structure. For example, highly ordered 
FeuNige alloy nanowire arrays (with diameter 25-43 nm, distance between 
the neighboring pore centers 60 nm) exhibit enhanced coercivity (about 80 
kA/m) and remanent magnetization up to 70 % [10]. Therefore, the 
coercivity is comparable to that of a 1.44 Mb, 3.5 inch floppy disk (64 
kA/m). The easy magnetization axis of the magnetic nanowire arrays is 
perpendicular to the membrane. Thus, it has potential application to be 
used as rewritable ultra-high density vertical magnetic storage media. Its 



372 



storage density would be more than 2 x 10^ times than that of 3.5 inch 
floppy disk. 

The transport properties of nanowire have been mainly studied by 
measurements on arrays of nanowires because the high pore density and 
the random arrangement of the pores make difficult the resistance 
measurement of a simple metal nanowire. However, it has been recently 
developed strategies that allow performing measurements on single metal 
nanowires and multilayers. Till now, three different approaches have been 
proposed [1,8, 12]. A single nanowire has been connected by evaporating 
a thin metallic layer on the face of the porous membrane exposed to the 
electrolyte. The film is thin enough in order to ensure that it does not 
cover the pores (Fig. 11a). 
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Fig. 12. (a) Schema of the polymer membrane used for the electrodeposition. The bottom 
Au thin film is used as cathode; the top Au thin film strip used for contacting a single 
nanowire, (b) Short increase of the plating current when the wire is contacted to the metal 
strip. 



In the second method, combination of the chemical methods and e-beam 
lithography is used for contacting a single wire after electroplating and 
formation of metallic caps at the surface [1]. Another method, also 
combining e-beam lithography and electrodeposition was recently 
reported [1]. In this method, submicron cylindrical cavities of typical 
height 0.3 pm and diameter 0.1 pm were fabricated and precisely located 
in a PMMA layer deposited on a pattered substrate. In a second step, 
electroplating of nanowires was performed into these cavities and caps are 
formed at the surface. The final step of the process consists in sputtering a 
metal layer at the top of the device allowing contacting electrically single 
pillars. Figure 1 lb shows the short increase of the plating current when 
the wire is contacted to the metal strip. 

The reversal of magnetization in individual magnetic nanowires was 
studied using transport measurements, i.e., anisotropic magnetoresistance 
(AMR) measurements. Multilayered nanowires are ideal structures to 
study conveniently the giant magnetoresistance (GMR) and its 
temperature dependence in the current perpendicular to the layer plane 
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(CPP) geometry. Up to now, most measurements have been performed on 
Co/Cu, Fe/Cu and Py/Cu systems. Magnetoresistance and magnetization 
curves obtained with magnetic fields parallel to the layers at 4.2 K on 
Ni 8 oFc 2 o (12 nm)/Cu (14 nm) multilayered nanowires are shown in Fig. 
12a and Fig. 12b [8]. In order to reduce saturation field, can be used 
another structure composed of Py (3 nm)/Cu (10 nm)/Py (3 nm) trilayers 
magnetically isolated by thick layers of Cu (100 nm or more) [8]. A 
typical magnetoresistance curve for in-plane field is shown in Fig. 3 c. 
The multilayered nanowires exhibit high MR ratio with a fairly large 
resistance (between a few Q and a few kQ depending on the number of 
wires which are connected in parallel). It has also been shown that the 
field required to saturate the magnetoresistance can be relatively small, of 
the order of 8-10 kA/m, in nanowires composed of Py/Cu/Py trilayers 
spaced by thick Cu layers. 








Fig. 13 CPP - GMR and magnetization curves versus applied field parallel to the layers at 
4,2 K for Py/Cu multilayered nanowires (a, b) and for multilayered nanowires composed 
of Py/Cu/Py trilayers separated by a thick (90 nm) long Cu rods (c, d). 



In hybrid structures, (e.g., Ni/NiO/Co system), the most striking result is 
the observation of two-level telegraphic noise (RTSN) which is is ascribed 
to the trapping and untrapping of a single electron by a defect in ultra- 
small NiO barrier [11]. 
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5. PERSPECTIVES 

Research on magnetic nanowires are driven towards the progress of 
the fabrication techniques and to novel properties what implies to obtain 
wires of smaller diameter, down to 10 nm or smaller than certain 
characteristic length scales, such as spin diffusion length, carrier mean 
free path, magnetic domain wall width etc. The effect of confinement, 
proximity and order govern the interplay between the relevant physical 
length scales and the sizes of the nanowires. For example, ballistic 
transport appears in material confined to the appropriates length, smaller 
than the electron mean free path, or magnetization reversal processes can 
be drastically modified in nanowires confined to sizes that preclude the 
domain wall formation. The recent microsquid (p - SQUID) experiments 
have suggested the existence of quantum tunnelling effects in the 
magnetization reversal magnetic wires (45 nm thick Ni) and experiments 
of thinner nanowires can be of great interest to make these quantum 
effects to appear more clearly. Another type of promising experiment is 
the study of telegraphic noise due to quantum fluctuations in mesoscopic 
tunnel junctions fabricated in the pores of membranes. 

Nanowires should be ideal devices to achieve very high injection 
densities and study the effects of spin injection on the magnetic 
configuration of a multilayered structure. GMR experiments can be 
extended to other systems, for example ferromagnetic 
metal/ superconductor multilayers . 

The fabrication of organized arrays of nanowires there is another 
necessity which should go with a more flexible control of the length of the 
wires, for example by developing the fabrication of thinner porous 
membranes. The last studies of magnetic nanowires indicate less 
appropriate to fabricate well-organized arrays. 

Referring to technological applications, the electrodeposited nanowires 
and arrays of nanowires are of stringent interest for magnetoresistive 
devices of very small size and for perpendicular recording media. The 
nanowires embedded in polymer membranes cannot be integrated directly 
into conventional devices but their possible biocompatibility is of interest 
to medical devices. For application to conventional devices, it will be 
necessary to develop techniques of electroplating into other types of 
templates, supported membranes on silicon or patterned insulator layers. 

6. CONCLUSIONS 

Electrodeposition method is capable of producing high-quality 
magnetic nanowires and ordered arrays of nanowires with desirable 
features, including nanowires with reproducible sizes in the range of 10 
nm, and arrays which can be extended over large areas (~ 100 x 100 nm^). 
Usually there are many variable parameters that can be used to tune the 
properties of nanowires, such as material, crystalinity (polycrystalline. 
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single-crystal, amorphous), structure single layer, multilayered, array 
geometry etc. 

The structure of the nanowires and arrays of nanowires can be 
investigated by XRD, nuclear magnetic resonance (NMR), SEM, TEM, 
AFM, etc. The magnetic properties of the nanowires and arrays of 
nanowires can be characterized by techniques such as magnetization 
measurements (VSM, SQUID, MEM, AGM - alternating gradient 
magnetometry, MOKE - magneto-optical Kerr effect) or transport 
measurements. 

The main magnetic properties of the nanowires present important 
differences with respect to continuous films: the remanent state is usually 
metastable shape anisotropy usually plays an important role in 
magnetization reversal process; coercive field are often larger than the 
values found in the unpattemed samples; the spin wave spectrum may be 
quantized due to the small size of the nanowires. The shape anisotropy of 
individual wires dominates the magnetic properties. Dipolar interactions 
between nanowires are fundamental key to understand the experimental 
behavior of the array. The arrays of the magnetic nanowires are not only 
interesting for their intrinsic magnetic properties, but also due to their 
interaction with other systems. Arrays of magnetic nano wires can 
constitute effective ordered spinning centers for the vortex lattice when 
they interact with type II superconducting films. Also, ordered magnetic 
nanowire arrays can be used in hybrid semiconductor/ferromagnetic 
systems to produce a periodic magnetic field that modulates, in a 
controlled fashion, the transport properties of two-dimensional electron 
gases (2 DEG). Technologically, applications of nanowire arrays are 
becoming increasingly important, especially in fields like high density 
magnetic recording (HDMR), magnetic random access memory (MRAM), 
sensors, switching and magneto electronics. 

The fabrication of large arrays of ordered, ultra fine (~ 10 nm or 
smaller), uni-disperse nanoelements, remains challenging. More 
systematic studies of the magnetization reversal processes are necessary, 
including the associated dynamic effects in the short time scales. It also 
cmcial to achieve a good understanding of interaction effects in arrays of 
nanowires or between magnetic nanowire arrays and other systems. 
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Abstract: Model single strand DNA (ssDNA) was covalently immobilized 
onto Atomic Force Microscope (AFM) tips (cantilevers) as specific ligand. 
Then these tips were interacted with the buffer solutions with or without free 
ssDNA molecules as strand were used for comparison. Immobilization and 
hybridization onto the cantilever surfaces were observed by optical and 
fluorescence microscopies. Interactions between the AFM cantilever (tip) and 
the aqueous medium (therefore with the target ssDNAs) were quantified by 
obtaining the “percent descenting distance” (“FDD”) as the main variable. 
The FDD values obtained for the buffer solutions were between -2.07 and 
+4.91%. There were slight increases in the negative values when a non- 
complementary ssDNA molecules were introduce into the buffer. However, 
after hybridization with its complemenray ssDNA, the FDD values were 
significantly increased (between -32.24 and -43.47 %). There was a 
correlation between the concentration of the complementary target ssDNA in 
the medium and the FDD value. However, there were significant changes 
from one AFM cantilever to another, which was considered as a problem to 
be solved. However, it was concluded that this approach may be further 
develop to create AFM based molecular sensors. 

Keywords: AFM cantilevers/tip; nucleic acid molecular sensors; percent descenting 
distance 

1. INTRODUCTION 

The ability for AFM to measure forces of 1 0 pN or less will make it an 
essential tool for measuring biological interaction. A number of studies have 
been performed to investigate serum albumin and its associated antibody 
using AFM (Ducker et al, 1991; Stuart and Hlady, 1995; Hinterdorfer et ah, 
1996; Williams and Blanc, 1994; Chowdhury and Lunckham, 1998). 
Streptavidin-biotin interactions have been studied with AFM (Lee et al., 
1994). Recently, the concept of cantilever-based biosensor techniques driven 
from AFM was proposed, in which the mechanical responses of the 
microcantilever due to changes surfaces stresses upon the interaction of the 
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ligands immobilized onto cantilever and the target molecules in the medium 
(Moulin et al., 2000; Battiston et al., 2001). 

Sequence-specific hybridizations between nucleic acids, either in solution 
or immobilized on fixed support, are widely used for the detection and 
analysis of genetic material for diverse applications including identification of 
genetic diseases and disorders, detection and characterization of viruses, 
bacteria, and parasites, etc. (Symons, 1989; Downs, 1991). 

Also interaction forces between the strands of DNA were measured with 
the AFM by a procedure in which DNA strands were covalently attached on 
probe and surface (Lee et al., 1994). Recently, Holmberg et al. investigated 
the formation and modulation of a mixed molecular layer, containing single 
strand DNA (ssDNA) and a spacer arm (mercaptohexanol, MCH), 
immobilized on gold using in-situ AFM (Flolmberg et al., 2003). The 
introduction of the complementary DNA to the mixed monolayer of ssDNA 
and MCFI resulted an increase in smoothness and thickness of the monolayer, 
which, they suggested in, is due to hybridization. 

In this study we propose to use ssDNA, covalently bound (immobilized) 
onto AFM tips as a molecular nucleic acid sensor for the detection of the 
complementary strand by a very simple measurement using AFM. 

2. MATERIALS AND METHODS 
2.1 Materials 

Three model DNA single strands given in Scheme 1 were studied. The 
first one was the “ligand” ssDNA (MWG Biotech AG, USA) it has one extra 
amino group at the 5’th-end for immobilization onto the AFM tips. The 
second one was the “target”, complementary ssDNA (MWG Biotech AG, 
USA). The third one was an arbitrarily selected non complementary ssDNA 
(Xeragon, USA), for compare and to show the nonspecific interactions 
between the non-complementary DNA chains. Nitric acid, 
aminopropyltrimethoxysilane, gluteraldehyde, fluorescent dyes, Hoechst, 
Orange G were purchased from Sigma Chemicals (USA). Standard silicone 
nitride cantilevers (tips) were purchased from Digital Instrument (USA). 

2.2. Imobilization of the Ligand ssDNA onto AFM Tips 

A two step procedure was applied to covalently attach the ligand ssDNA 
to the silicon nitride AFM tips for immobilization of antibody molecules onto 
AFM tips (Chowdhury and Lunckham, 1998) (Scheme 2). The conditions 
applied in these steps were optimized in the preliminary studies (Ulgen, 
2003). Briefly, in the first step (“the silanization step”), the silicon nitride tips 
were treated with 10% nitric acid solution which was left in a silicone bath for 
20 min at 80°C. This causes the formation of surface hydroxyl groups on the 
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Si 3 N 4 tips. The tips were then thoroughly rinsed with distilled water and 
placed into 10% aminopropyltrimethoxysilane (APTS) solution with a pH of 
7.0 adjusted with acetic acid for 4 h at 80°C. This treatment provides reactive 
primary amine groups on the nitride surface, and is known as the linker group. 
The surfaces were thoroughly rinsed with water. The tips were then reacted in 
10% gluteraldehyde solution at room temperature for 1 h. Gluteraldehyde acts 
as a bridging agent between the solid support and the ssDNA. At the last step, 
the tips were left in 2 pmol/pL of the ligand ssDNA for 2.5 hr for 
immobilization, then the unbound DNA molecules were removed by rinsing 
with the buffer solution. A schematic view of the AFM tip as a molecular 
sensor is shown in Fig. 1. 

(A) The “Ligand” DNA 

S’-NHj-TTT TTT TTT TTT TTT TTT TT-3’ 

(B) The “Target” Complementary DNA 

3’-AAA AAA AAA AAA AAA AAA AA-5’ 

(C) The “N on-complementary DNA 

5’-(AGT) CT AGA CCT GTC ATC AGT TAG GGT TAG-3’ 



Scheme 1 . Oligonucleotides used in this study: (A) Ligand ssDNA which is immobilized onto 
AFM tips; (B) the complementary strand (target DNA) which was dissolved in the medium; (C) 
the non-complementary DNA (used for comparison). 



OCHj 

|-0H + CH30-|i-(CHj)^NHj 
OCHj 





OCHj 



^H3 0 

OCHj 



OCHj Q OCHj 

|-0-|i-|CHj)pN=ai(CHj) — CH + P-NHj ► |-0-|i-|CH3]-N=CH(CHj)j-NH-P 

OCHj OCH3 



Scheme 2. Immobilization of the ligand ssDNA onto AFM tips: (A) Silanization; (B) 
attachment of glutaraldehyde; and (C) Immobilization of the ligand ssDNA, where “P” denotes 
the ssDNA strand. 
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Fig. 1. Schematic description of the AFM tip prepared as a molecular nucleic acid sensor 
carrying the ligand ssDNA immobilized through gluteraldehyde molecules on the tip. 

2.3. Microscopic Observations 

In order to follow changes on the AFM cantilever surfaces after treatments, 
images of the surfaces were taken both with an optical microscope 
(Axiosckop 20, Zeiss, Germany) and fluorescence inverted microscope 
(Olympus, Model 1X70, Japan). Hoechst and Orange G (Sigma, USA) were 
used as fluorescence dyes for single strand and double strand DNA, 
respectively. 

2.4. Measurements with AFM 

The apparatus used for the measurements was a homemade atomic force 
microscope. To control the approach of the target solution to the AFM tips, a 
Burleigh Aris 11 Approach Module was used, which was controlled by a 
computer. In a typical test, the sample containing a pure buffer solution 
(phosphate buffer, pH: 7.4) or a buffer solution having the target (or non- 
target) ssDNA molecules was driven (+z direction) to the AFM tip (untreated 
or carrying the ligand ssDNA) until the tip touches the solution. It is waited at 
this position for about 10 min to complete hybridization (if there is any), and 
then the sample was driven to the opposite direction (+z direction) with a 
predetermined rate, 900 nm/sec (Ulgen 2003). The “separation distance”, or 
the so-called “the discenting distance” (in nm), at which the AFM tip gets rid 
of the solution that sticks on its surface, was measured. The “percent 
discenting distance” was calculated from the following equation and used as 
the main variable in this study. 

“Percent Discenting Distance”(%) = {(Li - L 2 ) / Li} x 100 



( 1 ) 
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Where, Li: discenting distance for the reference solution (i.e., phosphate 
buffer) (nm); and L 2 : discenting distance for the same buffer solution 
containing the target ssDNA (nm). Note that the negative value shows the 
decrease in the interaction between the AFM tip and liquid phase. 

For each AFM tip, phosphate buffer (pFI: 7.4) was used as the reference. 
Then, separation distance was measured, without replacing the tip from tip 
holder or changing the position. The target DNA solution diluted with 
reference buffer solution, was added to the buffer and the same procedure was 
applied. To determine nonspecific bindings to the unmodified surface, 
unmodified AFM tips were also used. Measurements were repeated with the 
solutions containing the target complementary ssDNA at different 
concentrations (46.8, 117, 234, and 468 pmol ssDNA in 10 pL buffer). To 
determine the non-specific interaction between the non-complementary DNA 
strands, the AFM tips carrying the ligand ssDNA were dipped in buffers 
containing only the non-complementery ssDNA (the third ss DNA given in 
Scheme 1). 

3. RESULTS AND DISCUSSION 
3.1. Microscopic Observations 

Representative micrographs of the AFM cantilever taken with an optical 
microscope before and after chemical modifications are given in Fig. 2. There 
were no changes after the silanization step, while structures with different 
sizes on different parts of the cantilever surface, including at the top comer 
where the tip is located, were very much observable. It is not possible to see 
the individual glutaraldehyde (GA) molecules by optical microscopy, 
therefore, most probably these stmctures most probably some GA polymeric 
chains or aggregates that may occur during the treatment of the surfaces with 
GA. From these images we assumed that the other parts of the surface of both 
the cantilever and the tip were cover with GA surface groups (maybe evenly) 
that are available for further modifications. 




Fig. 2. Representative optical micrographs of the AFM cantilever: (A) untreated; (B) after sialanization step; 
and (C) after glutaraldehyde attachment. Magnifications: xlOO. Pictures at the left colufiltering. 
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Fluoresence microscopy images of the untreated and carrying the ligand 
ssDNA (before and after hybridization) were also taken. Note that two 
different fluroscent dyes, Floechst and Orange G were used. The first one was 
utilized to observe the immobilized ligand ssDNA, while the second one was 
applied after the hybridization of the ligand DNA with its complementary, 
again on the AFM cantilever surfaces. 

Figs. 3A and 3B give the representative fluorescent microscopy images of 
the untreated AFM cantilever, which show that there was no significant 
nonspecific adsorption of the dye molecules on the surfaces before ssDNA 
immobilization. Figs. 3C and 3D clearly exhibit that a high percentage of the 
cantilever surface (including the tip) was covered with the fluorescence dye 
Floechst (means with the ligand ssDNA). In order to examine the specificity 
of the second fluorescence dye, namely Orange G, which should be specific 
for only double strand DNA (rather than for single strands), the fluorescence 
microscopy images of the cantilevers carrying only the immobilized ligand 
ssDNA. As seen in Figs. 3F and 3H, there was very low absorption of Orange 
G onto the cantiver carrying ssDNA. While Figs. 3E and G demonstrated that 
very significant orange color on a large part of the the cantilever surface 
carrying the hybridized (double strand) DNA molecules. 




Fig.3. Representative fluorescence microscopy images of the AFM cantilever: (A, B) before ssDNA 
immobilization; (C, D) carrying the immobilized ligand ssDNA (dyed with Hoechst); and (E, G) carrying 
the immobilized ligand ssDNA hybridized with its complementary (dyed with Orange G). (F, H) carrying 
the immobilized ligand ssDNA (dyed with Orange G) 

3.2. Studies with AFM 

In this study we applied a simple approach to detect a model target single 
strand ssDNA in solution by using an AFM tip (cantilever) carrying its 
complementary ssDNA as the ligand, which is prepared by the method given 
in the previous sections. It is well-known from the surface tension (contact 
angle) measuring systems that when a surface is dipped in (“descenf ’) and out 
(“ascent”) from a liquid, forces representing the interactions between the 
surface and liquid are measured, which is related to the surface tension of the 
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liquid (Hiemenz, 1986) and depend on not only the liquid phase properties but 
also on the surface properties (hydrphobicity, ionic charges, etc.) 

In this study we used the “percent descenting distance” (“PDD”) as the 
main parameter measured in the AFM sensor, which is calculated from Eq.l 
as described above. The PDD values for five different nonmodified AFM 
cantilevers at room temperature are as follows: -3.88, +4.91, -3.59, -2.07 and 
+4.77 %. As seen here there are both positive and negative values, but not 
very significantly different from each other. This is expected, because the 
cantilevers, even if they are the producted by the same company, have 
different surface characteristics. Also there is no specific interaction between 
SiN tips and DNA solution. 

These AFM tips were then dipped into buffer solution containing the 
target (the complementary) ssDNA with a concentration of 468 pmol/10 pL. 
The PDD values determined are as follows: -43.47, -35.12, -32.24, -32.45 and 
-38.31 %. These significant changes (about ten times compared to those 
obtained with the buffer solution alone, containing no DNA) are indication of 
the hybridization (double strand formation onto the surfaces, which caused 
changes of the surface properties, and therefore the PDD values. Interestingly, 
the values are quite close to each other, the differences are most probably due 
to differences in the surface properties of the original AFM cantilevers. 

Table 1 shows the PDD values obtained for the experiments done with 
different concentration of the target ssDNA in the buffer solutions. Note that 
five AFM cantilevers were used in each group. 



Table 1 . Effects of concentration of the target DNA in phosphate buffer on the 
PDD values. 



Concentration of PDD Values (%) 

the target ssDNA For the AFM Tip 

(pmol/10 pL) 1 2 3 4 5 



468 


-43.47 


-35.12 


-32.24 


-32.45 


-38.31 


234 


-30.69 


-31.64 


-28.98 


-34.40 


-33.42 


117 


-28.85 


-27.67 


-32.33 


-27.77 


-29.81 


46.8 


-29.72 


-13.84 


-12.85 


-16.64 


-10.41 



As a general trend, can be seen here the PDD values decrease with the 
concentration of the target ssDNA in the medium. There is an non-linear 
relationship between PDD values and concentration. Flowever, there are also 
strong fluctuations in the PDD values (changing from one AFM cantilever to 
another) which, we believe, may be improved by special design of the 
cantilevers that will be more suitable for these kinds of molecular sensor. 

In order to exhibit the specificity of these AFM sensors, we have 
performed a final group of study, in which buffer solutions containing 468 
pmol/10 pL the non-complementary ssDNA (the third ssDNA given in 




384 



Scheme 1). The FDD values obtained with five different AFM cantilevers 
were as follows: +5.45, -6.26, -12.30, +6.07 and -6.98 %. Note that these 
values were slightly higher than those observed with pure buffer solutions, but 
clearly much lower that were observed for the hybridization with the 
complementary ssDNA (see the first line Table 1). 

In conculison these preliminary results show very strong promising 
application of AFM nucleic acid sensors not only for qualitative but also 
quantitative characterisation of the target complementary DNA in aqueous 
medium. 

References 

1. Battiston, F.M., Ramseyer, J.-P., Lang, H.P., Bailer, M.K., Gerber, Ch., Gimzewski, 
J.K., Meyer, E., Guntherodt, 2001, A Chemical sensor based on a multifabricated 
cantilever array with simultaneous resonance-frequency and bending readout, 
Sensors and Actuators B , 77, 122. 

2. Chowdhury, P.B., Luckham, P.F., 1998. Probing recognition process between an 
antibody and antigen using atomic force microscopy. Colloids and Surfaces A, 
Physicochemical and Engineering Aspects, 143, 53. 

3. Downs, M.E.A., 1991. Prospects for nucleic acid biosensors. Biochemical Society 
Transactions 19, 39. 

4. Ducker, W.A., Senden, T.J., Pashley, R.M., 1991. Direct measurements of colloidal 
forces using an atomic force microscope, Nature 353, 239. 

5. Fliemenz, P.C., Ed., 1986. Principles of colloid and surface chemistry. Marcel 
Dekker, Inc., New York, 1986. 

6. Flinterdorfer, P., Baumgartner, W., Gruber, H.J., Schindler, K., Schindler, H., 1995. 
Detection and localization of individual antibody-antigen recognition events by 
atomic force microscopy. Proceedings of National Academy of Science USA 93, 
3477. 

7. Flolmberg, M., Kiihle, A., Gamaes, J., Boisen, A., 2003. Hybridization of short DNA 
molecules investigated with in situ atomic force microscopy. Ultramicroscopy 97, 
257. 

8. Lee, G.U., Kiddwell, D.A., Colton, R.J., 1994. Sensing discrete streptavidin-biotin 
Interactions with atomic force microscopy, Langmuir 10, 354. 

9. Lee, G.U., Chrisey, L.A., Colton, R.J., 1994. Direct measurement of the forces 
between complementary strands of DNA, Science, 266, 771. 

10. Moulin, A.M., O’Shea, S.J., Welland, M.E., 2000, Microcanvantilever-based 
biosensors. Ultramicroscopy, 82, 23. 

11. Stuart, J.K., Hlady, V., 1995. Effects of Discrete Protein-Surface Interactions in 
Scanning Force Microscopy Adhesion Force Measurements, Langmuir 11, 368. 

12. Symons, R.H., 1989. Nucleic Acid Probes. CRC Press, Boca Raton, FL. 

13. Ulgen, D., 2003. AFM based molecular biosensors. M.Sc. thesis, Hacettepe 
University, Ankara. 

14. Williams R.A., Blanch H.W., 1994. Covalent immobilisation of protein monolayers 
for biosensor applications. Biosensor and Bioelectronics 9,159. 




ELECTROPHORETIC DEPOSITION OE ZnO 
THIN FILM IN AQUEOUS MEDIA 



A. DOGAN, E. SUVACI, G. GUNKAYA, E. UZGUR 
Anadolu University, Department of Materials Science and 
Engineering, Eskisehir/Turkey 



Abstract: In thin films, controlled porous structures are desired for 

certain ceramic gas sensors. The aim of this study was to fabricate ZnO 
coated substrates starting with aqueous suspensions with electrophoretic 
deposition technique. Sub-micron sized ZnO particles were synthesized 
by using homogenous precipitation method. A 5 wt% ZnO aqueous 
suspension prepared for Electrophoretic Deposition (EPD) and an anionic 
dispersant was used as stabilizer. Electroded surface of the alumina 
substrates were coated with EPD technique at various voltages. Coated 
samples were sintered at 1200°C for two hours. Characteristics of the 
sintered ZnO coated substrates were investigated with SEM and XRD 
techniques. 

1. INTRODUCTION 

Chemical sensor research is focused on new studies to develop specific 
sensors. Producing smaller, more efficient devices is very important in the 
electronic industry and is pursued with increasing demand [1]. Some of 
the ceramic semiconductors such as tin oxide and zinc oxide with 
controlled porous bodies show an electrical conductivity as the response 
of trace amount of hydrocarbon based gases, hydrogen, and ammonia etc. 
at elevated temperature in air [2,3]. ZnO is one of the first and most 
widely used ceramic materials for sensor applications. Gas sensing in n- 
type semiconductor gas sensors like ZnO is achieved by the decrease in 
resistivity as a response of increasing amount of reducing gases in the air. 
The reason for a decrease in resistivity is explained by desorption of 
oxygen absorbed on the surface and grain boundaries of metal-oxides at 
high temperatures in air [3]. Eurthermore, thin film type sensor devices are 
rising because of their low power consumption and easy integration into 
other devices. Film type devices can be fabricated with various techniques 
such as spray pyrolysis, sputtering, laser ablation, sol-gel method, 
MOCVD, CVD, PECVD, LPCVD, and LPE [4]. There is also another 
deposition technique, called electrophoretic (EPD), that involves 
migration of charged particles driven by an electric field in a liquid media 
by electric field to the surface of a substrate. Although, the above- 
mentioned techniques produce films with a limited thickness, the EPD 
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process can easily achieve thicknesses from lOnm to Im, as seen on Fig.l. 
Because of its simplicity and versatility electrophoretic deposition might 
have potential for being the preferable technique for ceramic sensor 
applications. Accordingly there are some studies reporting the use of 
deposited ZnO films for sensor application. In this investigation, EPD 
techniques were used for the formation of ZnO thin films with controlled 
porosity on alumina substrates for sensor application. 

2. EXPERIMENTAL PROCEDURE 

Sub-micron sized ZnO particles were synthesized by using 
homogenous precipitation method [5]. The synthesized powders were 
characterized by using a particle size analyzer. It was observed that the 
particles were highly agglomerated even in 4pm size. To disperse the 
agglomerated particles a grinding process was employed. In this study, 
two types of milling, conventional and chemical added milling (CAM), 
were used to see the effect of dispersants on particle de-agglomeration 
during the milling of ZnO particles. The powder was milled for 22 hours. 




Figure. 1. Comparison of different techniques by EPD [1]. 

An anionic dispersant was used for the chemical aided milling to 
stabilize the 5 wt% ZnO aqueous suspension prepared for Electrophoretic 
Deposition (EPD). After milling sedimentation experiments were 
performed to test the stability of suspensions from each milling process. 

After obtaining a well dispersed medium EPD works were carried out 
under constant DC voltage. High-grade alumina (Coors Ceramics) with 1 
in.^ dimension was used as the substrate. The surfaces of the substrates 
were electroded with gold-palladium by sputtering process. A Pyrex glass 
deposition chamber was used for EPD studies due to its chemical and 
electrical inertness. By using stable suspension of ZnO, coating was done 
altering voltage and time. Coating was carried out in the range of 5-240 V. 
Coated samples were dried at room temperature to eliminate surface 
tension originated cracks [6]. Samples were sintered at 1200°C for two 
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hours. Characteristics of the sintered ZnO coated substrates were 
investigated by scanning electron microscope (SEM) and X-ray 
difractometer (XRD). 

3. RESULTS AND DISCUSSION 



XRD pattern of synthesized powder shows that the formed phase is 
pure ZnO Fig. 2. 
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Figure. 2. XRD chart of the synthesized ZnO powder. 
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Figure. 3. Effect of dispersant to the stability of ZnO particles in aqueous media, a) Beginning of 
sedimentation test of ZnO particles without dispersant b) Sedimentation of ZnO particles without 
dispersant after 10 minutes c) Starting point of sedimentation test of ZnO particles with dispersant d) 
Sedimentation of ZnO particles with dispersant after 6 hours e) Sedimentation of ZnO particles with 
dispersant after 24 hours. 
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ZnO powder in aqueous medium is stabilized using anionic 
polyelectrolyte by negatively charging the surface, Fig. 3. shows the well 
dispersed suspension. The reason of choosing anionic polyelectrolyte was 
the dissolution of ZnO in acid. 

The particles in chemical aided milling form a sediment within about 
10 minutes and have a diameter of approximately 120nm. The prepared 
suspension had a conductivity of 0.87mS/cm and a pH of 8.4 so it was 
stable enough for EPD. This study shows that chemical milling is 
required to achieve stable suspension of ZnO particles Fig. 3. Coating 
layers were formed with EPD. However, for sensor applications rather 
thin porous layers are preferable. Eor that reason we focused on coating 
layers around lOpm Eig.4. Pig. 5 shows SEM photographs of sintered 
coatings for 2 hours at 1200°C. As it is seen on the figure it is possible to 
create porous structure. However, our pore distribution was not 
homogeneous and for sensor applications uniform porosity is required. As 
a next step of this research, homogeneous distribution of nanopores in 
EPD coated films will be investigated. 




Figure. 4. SEM image of porous AI2O3 substrate and ZnO coating. 
20 pm 20 pm 




Figure. 5. SEM images of porous body by EPD after sintering 1200°C for 2 hours. 

Density of the sintered body should be changed by using different 
powders, which have different grain sizes and sintering temperatures. In 
this experiment nearly 5pm powders and 2 m pores were get after 
sintering as seen on Pig. 5. 
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4. SUMMARY 

It has been demonstrated that the EPD technique can be utilized to 
form ZnO films with ~10|0,m thickness for sensor applications. A stable 
suspension is necessary for a successful EPD process. The stable 
suspension of submicron ZnO particles can be achieved by chemically- 
aided milling approach. 
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Abstract: The abilities of three optical techniques (Raman scattering, 
UV-VIS-IR optical absorption and photoluminescence spectroscopy) for 
diagnostics of single-wall carbon nanotubes have been overviewed on 
example of nanotubes synthesized by two different methods - arc 
discharge and catalytical CO decomposition under high pressure. 

Key words: Single-wall carbon nanotubes, Raman scattering, UV-VIS 
IR optical absorption, photoluminescence spectroscopy 



1. INTRODUCTION 

Discovery of carbon fullerenes and nanotubes has opened a new era in 
investigations of nanostructured materials. The existence of closed carbon 
shells has shown a possibility of self-organization of materials at nano- 
level leading to appearance of unique physical properties, often very 
different from those of bulk materials. As soon as a mass-production of 
carbon nanotubes has been developed [1], the diagnostics techniques 
being informative at typical distances 0.4-2 nm have been demanded. The 
optical methods appeared to be as effective as well-known high resolution 
stmctural methods (transmission electron microscopy, tunneling electron 
microscopy, atomic force microscopy). Data of optical measurements 
allowed to estimate a variety of single-wall carbon nanotube (SWNT) 
parameters: their diameters and chiralities, the distribution over diameters, 
rope diameters, conductivity type, positions of van Hove singularities in 
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one-electron density of states (DOS) for nanotubes of different geometry 
[2,3]. This work overviews possibilities of three optical methods - Raman 
scattering, optical absorption and photoluminescence spectroscopy- for 
diagnostics of single-wall carbon nanotubes, synthesized by two different 
techniques - direct dc-arc discharge and catalytical CO-gas decomposition 
under high pressure (HipCO). 

2. EXPERIMENTAL 

Nowadays more than fifteen different techniques are used for 
production of single-wall carbon nanotubes [4]. In this work we dealt with 
two of them: dc-arc discharge [5] and HipCO [6]. They have been chosen 
due to a big difference in geometrical parameters of tubes synthesized. For 
arc -produced material an average tube diameter is about 1.3-1. 4 nm. Tube 
distribution over diameter is quite narrow (0.2-0. 3 nm). For HipCO 
nanotubes the diameters vary in much wider range - from 0.7 nm to 2.0 
nm. 

The arc nanotubes have been produced with a home-made apparatus 
(Fig.l). The synthesis has been performed in helium atmosphere with 




FIGURE 1. A scheme of dc-arc FIGURE 2. HRTEM image of arc- 

apparatus for SWNT synthesis. produced SWNT rope . 
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Ni:Y 203 catalyst [7]. The raw material, containing about 20 weight % of 
SWNT, aggregated into ropes (Fig. 2) [8], has been purified partially by 
chemical method, including the successive steps of acid treatment and 
oxidative annealing [9]. 

A commercially available raw HipCO material (Carbon 
Nanotechnologies, Inc., Flouston, TX) has been used. A nanotube content 
was 80% already in the raw material. A high pressure (30 atm) of a buffer 
gas during synthesis (Fig.3) [6] provided a super-saturation of the catalyst 
particle with carbon atoms, resulting in a high yield of nanotubes and a 
presence of small-diameter nanotubes in the soot. HRTEM confirms a 
wide distribution of nanotubes over diameter in HipCO material [10]. 




3nm 



FIGURES. A scheme of apparatus FIGURE 4. A cross-sectional HRTEM 

for HipCO SWNT synthesis [6]. image of HiPCO nanotube rope. 

The UV-VIS-NIR absorption spectra of SWNT dispersed in 2%- 
solution of SDS (sodium dodecyl sulfate) in D 2 O were taken with a 
spectrophotometer (Shimadzu UV-3101PC), equipped with a double 
monochromator. It covered a wavelength range between 200 and 1800 
nm. The SDS/D 2 O solution without nanotubes was used as a reference 
sample in a second channel of the spectrometer. D 2 O (instead of H 2 O) was 
used to avoid the strong absorption bands of water in IR spectral range. 
For the rope disintegration the suspension was treated with Tomy 
ultrasonic disrupter UD-201 (1 hour, power 40 W), followed by 
ultracentrifugation (Himac CS150GX, Hitachi) during 1 hour with 
acceleration 265 000 g. The upper fraction of the solution has been taken 
for measurements. 

The Raman spectrometer Jobin Yvon S-3000 was used. The spectra 
were excited by irradiation of Ar+-ion laser with different wavelengths. In 
some cases the radiation of Ti: sapphire laser was used also. 

For photoluminescence (PL) measurements a 90“- geometry was used: 
the SWNT suspension in a quartz cell was excited from the side and the 
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photoluminescence signal was collected from the front surface of the cell. 
The emitted light was focused on the slit of a single monochromator (30 
cm focal length) and detected by a liquid nitrogen cooled InGaAs CCD 
(Princeton instruments). The excitation was made by a continuous wave 
Ti: sapphire laser (Spectra Physics Model 3900S) pumped with 532-nm 
diode-pumped solid state laser. The wavelength range covered by Ti: 
sapphire laser was between 700 and 1000 nm. 

3. RAMAN SPECTROSCOPY OF SINGLE-WALL 
CARBON NANOTUBES 

Raman technique appeared to be very efficient for identification of 
SWNT and characterization of their geometrical parameters. Among 
various carbon materials only SWNT demonstrates a split tangential 
Raman mode at 1592 cm ' simultaneously with the acoustical Raman 
modes in the range 100- 400 cm ' [13,3]. They correspond to radial 
“breathing” vibrations of nanotubes of different diameter, constituting the 
material. There were a lot of discussions about a quantitative 
correspondence between the Raman “breathing” mode frequency and the 
nanotube diameter value. One of the most plausible formulas is 

o) = ^ + C^ , ( 1 ) 

d ' 




FIGURE 5. The typical Raman spectra for arc- and HiPCO-produced 
single-wall carbon nanotubes and for HOPG (as a reference). 



where co is measured in crn \ d is measured in nm, C/=234, C2=10 cm' 
[11]. The tube diameter estimation may be improved after comparison of 
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FIGURE 6. A schematic view of one-electron DOS for a two-dimensional 
graphite sheet (left), and for a single-wall carbon nanotube (right) . 




FIGURE 7. The Raman spectra of HiPCO single-wall carbon nanotubes 
registered with different laser excitation wavelengths. 



the Raman and photo luminescence (PL) data for the same tubes [12]. The 
Raman spectra of two types of SWNT materials (arc and HipCO) and for 
HOPG (highly oriented pyrolytic graphite), are shown in Fig. 5. The 
number and positions of the “breathing” Raman modes indicate that a tube 
diameter distribution is much wider for HiPCO material than for the arc 
one. A different shape of the tangential modes [3] points to a preferable 
contribution to the Raman signal of semiconducting nanotubes in arc 
material and metallic nanotubes in HiPCO material (for A,exc=514.5 nm). 

Due to a quantum-scale circumference of a nanotube its electronic 
structure is different from that of graphite (Fig. 6). Two-dimensional 
graphite is a zero-gap semiconductor (Fig.6, left). A nanotube may have 
semiconducting or metallic properties depending on the diameter value 
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FIGURE 8. The optical absorption spectrum for suspension of arc-produces 
single wall carbon nanotubes in 2% SDS/D 2 O solution. 




FIGURE 9. The optical absorption spectrum for suspension of HipCO single- 
wall carbon nanotubes in 2% SDS/D 2 O solution. 



[2]. One electron density of states (DOS) for nanotube looks as a set of the 
discrete maxima symmetric relative to Fermi level (Ep) (Fig.6, right). A 
separation of the maxima depends on the tube diameter. Optical 
transitions are allowed between the symmetrical maxima: En, E 22 , E33, 
etc. If the laser photon energy coincides with one of the transitions a 
resonance Raman scattering condition is realized for the tube with a fixed 
diameter. A laser tuning provides a step-by-step selective Raman 
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excitation of all tubes constituting the material. This is an efficient way to 
estimate a tube diameter distribution. Fig. 7 shows Raman spectra of 
HipCO material registered with the different excitation energies ranging 
from 1.66 eV (746 nm) to 2.54 eV (488 nm) [10]. The contributions of 
nanotubes with diameters from 0.8 nm to 1.5 nm are evident. 

4. OPTICAL ABSORPTION SPECTROSCOPY OF 
SINGLE-WALL CARBON NANOTUBES 

The efficiency of UV-VIS-IR (ultraviolet-visible-infrared) optical 
absorption spectroscopy for SWNT diagnostics has been demonstrated in 
the first time by Ft. Kataura et al. [14]. The absorption demonstrates 
features corresponding to En, E 22 , E33... optical transitions. Each 
nanotube material contains an ensemble of different nanotubes rather than 
a mono-diameter fraction. Due to this the features in the absorption 
spectrum should be broadened in accordance with the nanotube 
distribution over diameter. A raw nanotube material usually includes a lot 
of contaminations (polyhedral graphitic particles, amorphous carbon, 
catalyst particles, etc.). Their optical absorption contributes to the 
spectrum background. To reduce the background a suspension of SWNT 
in 2% solution of SDS in D 2 O, treated by ultrasonication and 
ultracentrifugation, was used for the measurements. 

The optical absorption spectrum of arc-produced nanotubes is shown 
in Fig. 8 . The absorption bands corresponding to En (centered at 1735 
nm), E 22 (1011 nm) and E 33 (516 nm) transitions for semiconducting 
nanotubes and En (690 nm) transition for metallic nanotubes are well 
pronounced. The absorption band widths (about 0. 1 eV) confirm a narrow 
distribution of arc nanotubes over diameter: 1.4 ± 0.15 nm. There are 
two local maxima in absorption at 1350 nm and 1080 nm. They may be 
ascribed to the smallest arc nanotubes. The photoluminescence 
measurements have shown that these maxima actually correspond to En 
transition. 

The spectrum of HiPCO nanotubes is shown in Fig. 9. Due to a wide 
distribution of nano tubes over diameter the bands corresponding to En, 
E 22 , E 33 ... optical transitions are not separated in this case. The resolved 
peaks observed may be considered as the absorption of the individual 
tubes of fixed geometry. The peak widths (about 0.03 eV) are very close 
to a thermal broadening of the absorption bands. 

5 . PHOTOLUMINESCENT SPECTROSCOPY OF SINGLE- 
WALL CARBON NANOTUBES 

Recently an efficiency of photoluminescence (PL) spectroscopy for 
characterization of single-wall carbon nanotubes has been demonstrated 
[15-17]. From general principles the semiconducting tubes should 
demonstrate the photoluminescence in any case of optical excitation with 
the photon energy exceeding the gap value. In practice, during several 
years all attempts to observe PL signal from carbon nanotubes failed. The 
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problem has been solved only when experimentalists have succeeded in 
disintegration of ropes into individual nanotubes. The rope is not a chaotic 
agglomeration of individual nanotubes (Fig.2, Fig. 4). It is a one- 
dimensional crystal consisting of 
aligned nanotubes with van der 
Waals interaction between them. 

The tubes in the same rope may 
have different geometry [18]. 

Depending on geometry they are 
metals or semiconductors. Usually 
there are few metallic nanotubes in 
each rope. They serve as a non- 
radiative channel for relaxation of 
excitation occurred in the 
neighboring semiconducting tubes. 

Due to this relaxation no 
photoluminescence signal is 
observed. 

This obstacle may be overcome 
by disintegration of nanotube 
ropes via interaction with the 
surfactant molecules under 
ultrasonic treatment in the water 
suspensions. This process leads to 
formation of surfactant-coated 
micelles. There are three types of 
micelle nucleus: an individual 

tube, a rope fragment (containing 
a few tubes) or a carbon 
nanoparticle. The single-tube 
micelles constitute a lightest 
fraction of the suspension. Namely 

this fraction should demonstrate PL. For the lightest micelle separating the 
suspension is subjected to ultracentrifugation followed by decanting of the 
upper fraction. 

An electronic DOS for SWNT has only one real gap (En). All others 
are called "pseudo"-gaps due to a presence of a very small, but non-zero 
DOS between the symmetric van Hove singularities (Fig. 10). This means 
that PL emission process is possible only for En electronic transition, 
while for PL excitation any wavelength in a wide spectral range may be 
used. As a result, a spectral structure of PL peak for a given nanotube 
material informs about a set of energies of the first electronic transitions 
and, as a consequence, about the diameters and geometries of nanotubes, 
constituting the material. 

The photoluminescence spectra of arc (Fig. 11) and HiPCO (Fig. 12) 
nanotubes have demonstrated different sets of En peaks. A comparison of 
PL peak positions with the Raman data (Fig.7) taken with the same 
excitation energy (Eexc=2.33 eV, k=532 nm) has allowed to estimate the 



Density of one-electron states 



Figure 10. A scheme of PL excitation 
in individual semiconducting carbon 
SWNT. CB- conductance band. VB- 
valence band. DOS has shown as a set 
of van Hove singularities. The dashed 
lines show non-radiative transitions for 
electrons and holes [16]. 
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individual tube geometries [17]. The indices (n,m) are indicated above the 
PL peaks in Fig.l 1 and Fig. 12. PL data have confirmed the estimations of 
the tube diameter distributions for arc and HipCO materials made by 
Raman and UV-VIS-NIR techniques. 




W avelength, nm 

FIGURE 11. The photoluminescence (upper ) and the optical absorption (lower) 
spectra for the suspension of arc-produced SWNT in 2% - SDS/D 2 O solution. 




W avelength, nm 



FIGURE 12. The photoluminescence (upper) and the optical absorption 
(lower) spectra for the suspension of HipCO SWNT in 2% -SDS/D 2 O solution. 



5. CONCLUSION 

A complex optical diagnostics based on Raman, UV-VIS-NIR 
absorption and photoluminescence techniques, has been demonstrated as 
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an efficient tool for structural characterization of single-wall carbon 
nanotubes synthesized by different methods. 
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Abstract: Transmission electron microscopy (TEM) experiments are 
performed on carbon nanotubes filled with a multiphase aqueous fluid. It is 
shown through high resolution TEM that the dense aqueous fluid wet the 
inner surface of the carbon nanotube, possibly due to the presence of oxygen- 
based groups, which modify the carbon surface such that it becomes 
hydrophilic. Electron energy loss spectroscopy (EELS) analysis confirms the 
presence of oxygen inside the fluid-filled nanotubes, as well as on the inner 
and outer surfaces of the nanotube walls. Fluid experiments involving 
controlled liquid evaporation and condensation, as driven by external heating, 
demonstrate that liquid transport in nanochannels of less than 100 nm in 
diameter is achievable. The present results offer promise for the development 
and functional performance of future micro- and nanofluidic devices. 

Keywords: Carbon nanotubes, liquid transport, wetting, hydrophilic 



1. INTRODUCTION 

The study of carbon nanotubes has been a rapidly progressing research 
area for the past decade. Most of the ongoing research is focussed on 
nanotube structure and their electronic, transport and optical properties [1]. 
However, multiwall carbon nanotubes also show potential for use in various 
micro- and nanofluidic devices, since they resemble cylindrical channels used 
in the macroscopic world. They provide a test platform orders of magnitude 
smaller than capillaries used in previous fluid experiments that allowed in-situ 
observations of fluid phenomena. It is therefore essential to investigate their 
thermal and fluidic properties. 
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Understanding fluid behavior at the nanoscale would facilitate the 
effective design and operation of future micro- and nanofluidic devices, such 
as drug delivery systems, biosensors and micro heat pipes. Fluid behavior in 
carbon nanotubes may be significantly different from that in conventional 
pipes, even microcapillaries. However, very few studies have been reported 
on the dynamic behavior of fluids at the nanoscale [2,3]. Some reports have 
shown that nanotubes can be filled partially with salts, molten metals, and 
metal oxides, such as lead [4,5], silver [5,6], chromium oxide [7], and cobalt 

[8] through capillarity if the liquid shows good wettability of the inner carbon 
walls. The procedure in these studies was either a chemical method, such as 
wet chemistry, or a physical method, such as capillarity induced filling. In 
either case, little has been reported on the dynamic aspects of fluid filling and 
fluid transport in the nanotubes. Molecular dynamics simulations of water in 
cylindrical nanopores showed that confined water remains fluid and bulk-like 

[9] . Hummer et al. [10] performed molecular dynamics simulations and 
observed pulse-like transmission of a one-dimensionally ordered chain of 
water molecules through a nanotube, due to the tight hydrogen-bonding 
network inside the tube. Noon et al. [11] reported that water molecules inside 
nanotube segments tend to organize themselves in a solid-like network, due to 
the hydrogen-bonding, in forms of wrapped-around ice sheets. In all of the 
abovementioned cases, the diameter of the channel was no more than 2 nm, 
which may be too small for nanofluidic applications. Furthermore, most of 
these theoretical studies lack experimental verification. 

The objectives of this study are to investigate high quality multi walled 
carbon nanotubes with aqueous fluid inclusions, and to perform high 
resolution in-situ thermal experiments using electron irradiation as a means of 
heating the contents of individual nanotubes in the high vacuum of a 
transmission electron microscope (TEM) column. Wetting of these nanotubes 
by the aqueous liquid is observed with high resolution microscopy as well. As 
the fluids investigated herein are contained at very high pressures (hundreds 
of atmospheres), the present work offers a unique opportunity for studying the 
dynamic behavior of multicomponent, multiphase fluids in nanosize channels 
at conditions corresponding to sub-, near- or even super-critical regions of the 
thermodynamic diagram, which may help create an experimental database for 
the parallel development of theoretical models describing fluid behavior in 
nanosize channels. 
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2. EXPERIMENTAL 

The nanotubes are synthesized hydrothermally from a mixture of ethylene 
glycol, de-ionized water, and Ni powder (catalyst) sealed into gold capsules, 
using a two-step process, see procedure in Ref 12. This procedure produces 
nanotubes, which have high aspect ratios, high degree of graphitization, and 
smooth internal walls, with wall thickness -10-25 nm (30-70 fringes per 
wall), outer diameter -100 nm, and lengths 1-10 pm. They are rarely open- 
ended, while most of the closed-end nanotubes encapsulate a high-pressure 
multiphase aqueous fluid, displaying segregated liquid and gas inclusions 
with clearly defined interfaces [13,14]. A schematic of this system can be 
seen in Fig. 1. The composition of the multicomponent fluid at room 
temperature is predicted to be 85.2% H 2 O, 7.4% CO 2 , and 7.4% CH 4 , with 
traces of FI 2 and CO, as based on thermodynamic calculations performed at 
the synthesis conditions [15]. It is also estimated that this composition is 
almost independent of pressure at room temperature [16]. 



O (1-10 pm) 

Multiple carbon layers (3.4 A interlayer spacing) 

D = 5-100 nm ^ Liquid inclusHns 



D ) 









Figure 1 Schematic of the experimental system utilized in this work. The dot-shaded areas 
show aqueous liquid inclusions constrained by curved menisci. 

TEM samples are prepared by dispersing the hydrothermal synthesis 
products in ethanol, then depositing the nanotube-containing liquid onto lacey 
carbon grids. The nanotubes remain attached to the carbon grid after 
evaporation of the liquid carrier. Thermal experiments are performed using 
electron irradiation as a means of heating the contents of individual nanotubes 
in the high vacuum of the TEM (JEOL JEM-3010, 300 kV, 0.14 nm lattice 
resolution), where the multiphase fluid is excited by expanding/contracting 
the low-intensity electron beam. The dynamics of the fluid phenomena in the 
nanotubes are visualized and recorded using a CCD camera and a Betacam 
video recorder. 

The nanotubes in the present study are leak-tight, often for days, and they 
can maintain the pressurized fluid in the vacuum environment of a TEM 
column (-10''’ Pa) even at temperatures above 500°C, thus demonstrating a 
high strength and wall perfection. This makes them very suitable for studying 
dynamic fluid behavior at length scales possibly approaching the continuum 
limit. Moreover, the superior smoothness of their inner surfaces and the 
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excellent definition of fluid interfaces make these nanotubes a perfect 
candidate for contact-line and wettability studies at the nanoscale. 



3. RESULTS AND DISCUSSION 

High-resolution TEM experiments performed on liquid-carbon interfaces, 
such as the ones presented in Fig. 1, revealed that the aqueous fluid wet the 
inner surface of the carbon nanotube. Previously there have been 
contradictory reports on the hydrophobic/philic behavior of carbon. Dujardin 
et al. [17] suggested that materials with surface tensions lower than 100-200 
mN/m should be drawn into the nanotube via capillarity. Also, Ebbesen [18] 
reported experiments of placing a droplet of water (surface tension 73 mN/m) 
on a bundle of carbon nanotubes; the water was sucked into the nanotube 
channels, leaving a dry surface. On the other hand, Li et al. [19] studied 
experimentally the wettability of aligned carbon nanotubes, and reported the 
contact angle for water droplets on untreated aligned nanotube films to be 
-160°, which confirmed super-hydrophobic behavior of the aligned carbon 
nanotube films. In another experiment [20], the maximum contact angle 
measured for a nanosize water droplet on a graphite surface was reported to 
be about 30°. However, it was noted therein that the value would be higher for 
a macroscopic water droplet, and that atmospheric aerosols may be 
responsible for altering the highly hydrophobic character of the graphite 
substrate. 

EELS analysis performed on a multiwall carbon nanotube with trapped 
aqueous fluid revealed that oxygen is present inside the nanotube, as well as 
on the inner and outer surface of the nanotube walls [21]. Figure 2 presents 
the composite EELS map of oxygen and carbon distribution in a carbon 
nanotube with trapped fluid inside, where the brighter areas indicate the 
presence of oxygen. As can be seen from this image the fluid is rich in 
oxygen, and traces of oxygen are also present on the inner and outer walls of 
the carbon nanotube. This result indicates that the surface of the carbon 
nanotube can adsorb oxygen, leading to the formation of functional groups, 
such as hydroxyl, which have been shown to transform the carbon nanotube 
surface to a hydrophilic one [19]. 
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Figure 2 Composite EELS map of oxygen and carbon distribution in a carbon nanotube with 
trapped fluid inside. Brighter areas indicate more intense presence of oxygen. The nanotube 
wall is marked by thick white lines. Traces of oxygen are present on the inner and outer walls 
of the nanotube. Scale bar 50 nm. 

Structural changes have been seen in the graphite layers in contact with the 
liquid inside the carbon nanotube. This concept is presented in Fig. 3. Layers 
of graphite sheets terminating at the inner surface of the nanotube often bend 
away from the wall, towards the axis of the nanotube, in the presence of a thin 
aqueous liquid layer. It should be mentioned that similar changes occur on the 
outer nanotube wall due to the presence of the fluid on both sides of the wall 
during the hydrothermal synthesis process, which clarifies the adsorption of 
oxygen on the outer wall, as shown on the EELS map. Three inner sheet 
endings are shown, marked by arrows, in Fig. 3(a), with the corresponding 
schematic for possible attachments of functional groups presented in Fig. 
3(b). When graphite sheets are terminated with oxygen based groups, as 
shown in Fig. 3(b), this allows water bonding to the inner wall of the 
nanotube, thus rendering the surface hydrophilic. 

As an example of the dynamic phase change experiments performed in this 
work, an amount of the aqueous liquid was transported from one end of a 
closed carbon nano tube compartment, 100 nm in diameter, to the other end 
via evaporation and condensation. Initially, the liquid inclusion was 
constrained between an internal closure and a long gas bubble. Adjacent to the 
gas bubble was another internal closure, encapsulating the liquid and the gas 
in a closed compartment of the carbon nanotube, about 1 pm long. The 
experiment consisted of gently heating the liquid via electron irradiation, by 
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focusing the beam around the inclusion. As the electron beam was contracted, 
the liquid gradually evaporated upon heating. When the heating was ceased, 
approximately 65% of the liquid had been evaporated. The field of view was 
then moved to the other end of the nanotube, which was relatively cool during 
the heating of the liquid-containing end, and it was seen that the liquid had 
condensed there. This experiment demonstrates that the transport of liquids in 
response to external thermal stimulation is possible in nanochannels. 




Figure 3 Structural changes occur in the graphite layers that come in contact with the liquid 
inside the carbon nanotube, (a) Arrows show graphite sheets terminating at the inner surface of 
the nanotube, bending away from the wall in the presence of the liquid. Scale bar 2 nm. (b) 
Oxygen based groups attached to carbon allow water bonding to the inner wall of the nanotube. 

4. CONCLUSIONS 

Carbon nanotubes with aqueous fluid inclusions have been used as a test 
platform for unique in-situ nanofiuidic experiments in the TEM. It has been 
shown that the aqueous fluid wet the inner surface of the carbon nanotube. 
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possibly due to the formation of functional groups, such as hydroxyl, which 
render the surface hydrophilic. The results demonstrate the feasibility of 
liquid transport in response to external thermal stimuli in pipes of <100 nm in 
diameters, which could allow for future development of various micro- and 
nanofluidic devices. 
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Abstract: A method for the fabrication of nanotube and nanopore based 
fluidic devices is described. With the aid of dielectrophoresis, a tube is 
assembled in the gap between two electrodes that were patterned on a silicon 
or glass wafer. Subsequently, standard microfabrication techniques were 
applied to fashion fluidic conduits and wells to facilitate fluid transport 
through the tube. The device will be used for fundamental studies of the 
transport of fluids and macromolecules under nanometer scale confinement 
and as a high sensitivity biosensor. We describe experimental observations of 
the trapping of a single tube, the fractal patterns formed when the process is 
allowed to proceed for an extended period of time, and the construction of a 
nanotube based fluidic device. 

1. INTRODUCTION 

Recent advances in the synthesis of nanotubes and nanofibers offer 
numerous opportunities for fundamental studies of transport and interactions 
under extreme confinement, and for the development of novel, highly 
sensitive sensors and measurement techniques. As one example of a nanotube- 
based sensor, we describe the fabrication of a Coulter counter- like device [1]. 
The device is described schematically in Figure 1. 



Electric Potential 




Figure 1: A schematic depiction of a cross-section of the Coulter counter- type device 
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The device consists of a nanotube positioned between two wells. Both the 
wells and the tube are filled with ionic solution. Functionalized particles or 
macromolecules are introduced in the left well. An electric field is applied 
across the tube, and the ionic electric current is continuously measured. The 
electric field causes the particles/macromolecules to (electrophoretically) 
migrate through the tube. As a particle enters the tube, it interferes with the 
current flow, causing a depression in the current’s magnitude. By monitoring 
and analyzing the current’s intensity as a function of time, one can obtain 
information on the particle’s size and characteristics. 

The Coulter Counter can be used as a chemical or biological sensor. As 
analytes bind to functionalized nanoparticles, the apparent size of the particles 
changes and can be detected through the monitoring of the alternation in the 
magnitude of the electric current as the particles pass through the pore. The 
smaller the pore diameter is, the greater the device’s sensitivity. 

In this paper, we briefly describe a novel technique for fabricating the 
nanotube-based device. Since the nanotubes are too small to manipulate 
mechanically, we utilize dielectrophoresis to assemble the tubes at 
predetermined locations. Subsequently, standard photolithographic techniques 
are used to fabricate the wells and the microfiuidic conduits. 

2. DEVICE FABRICATION 

Our device, depicted in Figure 2, was fabricated through a combination of 
standard microfabrication processes and dielectrophoretic trapping of 
individual carbon nanotubes. 




Figure 2: A SEM image of the nanotube-based fluidic device. SU-8 photoresist spun over a 
substrate with trapped nanotubes was developed to form fluidic interconnects. 



First, on a Si02 coated silicon wafer, six Au electrodes were patterned 
using the liftoff process. Two of the electrodes with Spm gap spacing, were 
used for nanotube trapping. Other two electrodes were used for driving 
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particles through the carbon nanotube (CNT) pore, and the last two electrodes 
were used for sensing through a current or resistance spike, when the particles 
traveled through the CNT. The electrode layout is depicted in Figure 3. 




Driving and 

Sensing 

electrodes 



SU-8 

Reservoirs 



Trapping 

Electrodes 



Figure 3: An image of the electrodes ’ layout. The trapping, driving, and sensing electrodes 
are photographed. Also shown are the locations of the liquid reservoirs. 



Next the carbon nanotubes [2], synthesized using an alumina template, 
were suspended in an isopropanol solution to a concentration of 
approximately O.lpg/L. These particular tubes were selected because they are 
open-ended, straight, and possess uniform pore geometry with outer diameters 
of approximately 250nm, wall thickness of 15nm, and lengths of up to SOpm. 

The CNTs were then assembled between the two trapping electrodes 
using dielectrophoresis. This process is discussed in detail in the following 
section. Next, 200nm of Si02 was wet etched in hydrofluoric acid to liftoff 
the isopropanol residue. Finally, a 50pm thick layer of SU-8 (MicroChem 
Inc.) negative photoresist was spun onto the chip and patterned to define the 
reservoirs on both ends of the CNT. 

3. DIELECTROPHORETIC TRAPPING -EXPERIMENTS 

Dielectrophoresis (DEP) is the motion of uncharged, polarizable particles 
in a non-uniform electric field [3]. The dielectrophoretic forces result from the 
interaction of the electric field with a dipole induced in the particles. 
Depending on the particles’ and the medium’s dielectric properties, the 
motion is directed either toward (positive DEP) or away from (negative DEP) 
regions of high electric field intensity. While DEP occurs in both DC and AC 
electric fields, AC fields are often preferred in order to suppress undesired 
electrochemical interactions at the electrodes’ surfaces and migration due to 
the particles’ electric charge. 

The dielectrophoretic force is usually approximated through its first 
dipole moment contribution [4] : 
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F ~ c£,£^V^ Re(/c^ )v|eL I , (1) 

where E is the electric field; £o and £m are, respectively, the dielectric constant 
of free space and the relative dielectric constant of the suspending liquid; Vp is 
the particle’s volume; c is a numerical coefficient on the order of unity; and 
ReifcM) is the real part of the relative particle polarization (i.e., the Clausius- 

Mossotti factor). Both c and fcM depend on the particle’s geometry. For 

* * 

£ p — £^ 

example, in the case of a spherical particle, ; jr and c = 3/2, 

where e* and £^ are the complex permittivities of the particle and of the 
* o 

medium, respectively; £ =£- j — ; and a is the electric conductivity. 

CO 

Equation (1) is valid only when the particle’s dimensions are smaller than 
10% of the length scale associated with the electric field (|E|/|VE|) [5,6]. This 
is not the case in our experiments. More accurate calculations can be carried 
out utilizing either the principle of virtual work or the Maxwell stress tensor 
[7]. Nevertheless, we will use here equation (1) to qualitatively explain our 
experimental observations. Witness that the dielectrophoretic force’s 
magnitude is proportional to the particle’s volume, the difference between the 
particle’s and medium’s dielectric properties, and the gradient of the square of 
the electric field. This last term makes the method attractive for 
nanoassembly. By patterning small gaps between electrodes, one can obtain 
very high intensity electric fields with moderate potential differences. 

CNTs with high permittivity are suspended in isopropanol solution with 
low permittivity thereby maximizing the permittivity difference. Large 
electric field gradients are generated through microfabricated electrodes with 
small electrode gap spacing. Figure 4 illustrates how microfabricated 
electrodes with small gap spacing are capable of producing large electric field 
gradients. The lines correspond to the normalized electric field as a function 
of x-at various horizontal planes above the microfabricated electrodes: y=l, 
3,5, 10 pm. y=lpm corresponds to the plane of the electrodes’ surface. The 
gap between the electrodes is 10 pm. Witness that at the electrodes’ plane, 
the electric field has two maxima located at the electrodes’ edges. As we 
move away from the electrodes, the two maxima merge into a single 
maximum located right above the gap’s center. 




413 




Figure 4: Through planar microfabricated electrodes with small electrode gap spacing, large electric field 
gradients are generated in the y direction which are represented by the normalized electric field lines. 
These electric field gradients generate a strong dielectrophoretic force on the CNTs and cause the CNTs to 
migrate towards the region of the highest electric field gradient and align themselves with the electric field. 



In the experiments, we applied 12 Vpp potential at 2MHz between a pair 
of electrodes spaced 8pm apart. The CNT solution was exposed to the 
electric field for about 30 seconds. Photographs were taken with a Nikon 
CoolPix 995 camera mounted on an Olympus BX2 microscope at a 
magnification of 400x. The set-up allowed us to obtain only the top view of 
the particle’s trajectory. Figures 4a, b, and c depict sequentially the position 
of the CNT at times 0, 0.2, and 0.28 seconds during the trapping process. For 
better visibility, we encircled the particle that we were tracking with an 
ellipse. 




c) Time = .28s 



Figure 5: Images oj the nanotube during various stages of the trapping process: Os (a), 0.2s (b), and 0.28s 
(c). The nanotube is encircled with a black ellipse for better visibility. 
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When the particle was far from the trap, it moved at nearly level height 
with nearly uniform speed towards the gap, while rotating so as to align itself 
with the electric field. Once arriving in close vicinity of the gap, the particle’s 
trajectory underwent an abrupt turn, and the particle accelerated towards the 
gap. At the conclusion of the trapping process, individual CNTs were trapped 
in the gap between two adjacent electrodes with each of their ends resting on 
a different electrode. Figure 6 depicts a SEM image of the trapped tube. 




Figure 6: SEM Image of a trapped tube in the gap between a pair of electrodes 



Another phenomenon which occurred when the trapping process was 
allowed to continue for a relatively long period of time was chain and tree 
formation. In the case of the CNT tree structures, positive DEP pulled CNTs 
suspended in isopropanol solution to the region of the highest electric field 
gradient located on the edge of a gold microfabricated electrode. Clustered 
tubes, which were present as a result of the tube synthesis process, were 
attracted first because the DEP force is proportional to the volume of the 
particle. These “bigger” particles formed the tree trunks. While in contact 
with the electrode, the trapped CNT cluster polarized and created a high 
electric field gradient at the end of the CNT that was not in contact with the 
electrode. This attracted additional CNTs to this region, and branches of 
CNTs began to form around the tree base. This effect repeated itself until full 
tree fractal structures were formed. Images of this phenomenon are shown in 
Figure 7. 




Figure 7: Images of CNT tree fractal structures; a) SEM of a chain formed by individual 
uniform size CNTs; b) SEM of CNT tree structure; c) CNT tree structure at 400X magnification 
in bright field. 
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4. CONCLUSION 

The paper describes a practical means of constructing nanotube-based 
fluidic devices. Dielectrophoresis provides a convenient and efficient 
technique for the trapping of CNTs at pre-determined locations. We studied 
the motion of the particles during the trapping process experimentally and 
described CNT tree formations that developed during the process. Once the 
nanotube has been trapped at a known position, one can bring to bear the tools 
of photolithography to fabricate fluidic interfaces that will allow one to 
transmit various fluids, macromolecules, and nanoparticles through the tube. 
Such devices can be used for fundamental studies of the behavior of simple 
and complex fluids under extreme confinement. Moreover, these devices can 
be used as highly sensitive biological and chemical sensors. The fabrication 
technique can be readily scaled down to allow one to trap single-walled 
nanotubes. 
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Abstract: A new method of nanomachining and opening multiwall carbon 
nano tubes (MWNTs) has been demonstrated. The puncture is accomplished 
by moving a converged electron beam in transmission electron microscope 
(TEM) onto the water inclusion in the multiwall carbon nanotube. The high 
resolution TEM images show that the reaction between the water inclusion 
and the walls of the carbon nanotube is the main reason for the appearance of 
the puncture. The reaction is stimulated by the converged electron beam 
irradiation. The puncture in different electron microscopy modes occurs with 
the same mechanism and approximately the same size, independent on the 
diameter of the electron beam. 



1. INTRODUCTION 

Opening of MWNTs is of great value in many applications, such as 
electrochemical energy or gas storage systems, biological nanosensors, and 
nanofludic devices [1]. It is not easy to open the originally closed MWNTs 
owing to their high mechanical strength and chemical stability. Various 
methods have been developed to open MWNTs, including chemical treatment 
with nitric acid or oxidants [2], thermal treatment by heating the nanotubes in 
oxidizing atmosphere [3] and abrasive treatment by rubbing the nanotubes on 
diamond lapping film disks [4]. However, a common feature of these methods 
is that the opening only happens at the tips of nanotubes. There is no control 
over the location of the opening on the tube surface. Laser machining (Fig. 1) 
[5] or focused ion beam (FIB) which may be used for opening large tubes [6] 
does not have sufficient spatial resolution to machine small (<100 nm in 
diameter) tubes with high precision. Here, we report a new method which can 
open the sidewalls of large MWNTs (nanofibers) by using converged electron 
beams in transmission electron microscope. In addition, with this method we 
can specifically select the puncture position on the nanotube. 
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The interaction between electron 
beams and carbon nano tubes (CNTs) 
has been thoroughly investigated [7- 
10]. Strong electron irradiation was 
found to cause either disordering of 
the graphite tube walls or the 
shrinkage and collapse of the single- 
wall nanotubes. None of them, 
however, has led to the puncture of 
CNTs. The basic difference in our 
experiment from the previous 
investigations is that we conducted 
electron irradiation on liquid- 
containing CNTs, instead of hollow 
CNTs. The liquid-containing CNTs 
were produced hydrothermally at high 
temperature and high pressure from a 
supercritical C-H-0 system using Ni 
catalyst [11, 12]. A unique and 
important feature of these CNTs is Figure I. Light micrographs showing laser 
that they contain liquid inclusions cutting of multiwall carbon nanotubes (nanofibers) 
... 1 r • 1 in air using a focused laser probe of the Raman 

which are composed of mainly water spectrometer. Air oxidation temperature 
with dissolved gases. However, as our established by Raman shift at onset of burning 
recent work shows, MWNTs of was ~700»C. l - Both ends closed; 2 - Right end 

various diameters can be filled with 

water by treatment at elevated temperature and pressure. Thus, the proposed 
technique is applicable to various kinds of closed MWNTs. Movement and 
shrinkage/ expansion phenomena of the liquid inclusions under electron beam 
in TEM have been previously demonstrated [13, 14]. In this paper, opening 
the sidewalls of the liquid-filled CNTs is shown to be possible under an 
extremely converged electron beam with a high intensity. 

2. EXPERIMENTAL 

The hydrothermal CNTs were synthesized as described in Ref. [11, 12]. 
For synthesis, mixtures of ethylene glycol, water and Ni catalyst were sealed 
into gold capsules and reacted at temperature 700-800°C and pressure up to 
100 MPa. The produced hydrothermal multiwall CNTs (MWNTs), were 
dispersed in ethanol and then placed on the carbon coated copper grid for 
TEM observation. All irradiation and imaging work was done in a field 
emission JEOL 201 OF TEM with an accelerating voltage of 200 kV and a 
lattice resolution of 0.1 nm. The microscope could be operated in two modes: 
conventional TEM mode and scanning transmission electron microscopy 
(STEM) mode. When electron irradiation was performed in conventional 
TEM mode, the electron beam through the specimen could be either diverged 
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with a low electron flux down to 
2xl0'^ electrons/cm^s (measured 
by a Faraday cup in TEM) or 
strongly converged, with the 
electron flux reaching 2x10^' 
electrons/cm^s (beam size O.lpm). 
When STEM mode was adopted, 
an extremely small electron probe 
(1 nm) could be formed for 
irradiation, with an electron flux up 
to 6x10^^ electrons/cm^s. After 
irradiation, the CNTs were imaged 
in conventional TEM mode. 

3. RESULTS AND 
DISCUSSION 



The TEM image in Fig. 2a 
shows a typical CNT with liquid 
entrapped. The liquid is composed 
of water and a small amount of 
dissolved CO 2 [13]. When the 
electron beam in TEM is 

converged rapidly (within 1 second) and precisely on the region of the liquid 
inclusion, a puncture of the nanotube can be immediately observed, as shown 
in Fig. 2b. The hole formed after puncture has typically an elliptic shape 
crossing the nanotube and a size larger than the inner diameter of the CNT. 
Depending on the irradiation intensities, the holes can be produced either on 
the front wall (part of the nanotube wall directly facing electron beam 
irradiation. Fig. 2b) or on both front and back walls of the nanotube, as shown 
in Fig. 3a. Although it can be seen that the front hole has a bigger size than 
the back hole (Fig. 3a), this is not the case for all punctured CNTs and 
occasionally the back hole was observed to be larger. Fligh resolution TEM 
image (Fig. 3b) of the left tube wall of the CNT in Fig. 3a shows that part of 
the inner wall was damaged as the hole was formed. The broken graphite 
layers bent toward the center of the CNT, as indicated by white lines in Fig. 
3b. 

Technically it is not easy to precisely converge an electron beam on such 
a tiny liquid inclusion (less then 50 nm in diameter) in the conventional TEM 
mode. Scanning transmission electron microscopy (STEM) mode, because of 
its ability to converge electron beam to 1 nm or less and control the 
movement of the probe conveniently, was thus adopted to study the puncture 
of CNTs. Fig. 4a shows the TEM image of a hole in a CNT which was formed 
nearly instantaneously when STEM probe was shifted onto the liquid 




Figure 2. TEM image of a typical hydrothermal 
CNT with the liquid inclusion (a) before the 
converged electron beam irradiation and (b) after 
the irradiation. Puncture on the nanotube is visible 
after the strong beam irradiation. 
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inclusion in the CNT. Although the STEM probe is extremely small, the 
produced hole is quite large, and comparable in size to those formed by the 
converged TEM electron beam. This confirms that the tube opening is caused 
by chemical interaction of the liquid with tube walls rather than by electron 
beam damage of the wall. HRTEM image in Fig. 4b shows the broken 
graphite layers of the nanotube wall bent toward the inside of CNT, which is 
similar to the observation in the conventional TEM mode (Fig. 3b). It 
therefore indicates that the puncture in two modes has the same mechanism, 
no matter how different the size and the intensity of the electron beam are. 
Sometimes a single irradiation with converged TEM electron beam or STEM 
probe can cause the formation of two or more holes on the tube wall of CNTs, 
as shown in Fig. 5. In Fig. 5a, a converged electron beam in conventional 
TEM mode can cause the formation of two holes on the front wall of the CNT. 
Fig. 5b shows 7 holes formed simultaneously on the front wall of the CNT 
when the STEM electron probe was used. Three conditions must be satisfied 
to open the walls of CNTs in TEM. 




Figure 3. (a) TEM image of a punctured nanotube, showing that two holes can be produced at the same 
time, one on the front tube wall and the other on the back wall, by using a single beam irradiation, (b) A 
high resolution TEM image of the framed region in (a). The orientation of graphene layers in the tube wall 
is marked by white lines. The inner tube wall is found to be heavily etched and the broken graphite layers 
bend toward the center of the nanotube, as indicated by the white arrows in (b). 
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Figure 4. (a) A hydrothermal CNT punctured by an electron probe (1 nm) in STEM mode; (b) HRTEM 
image of the framed region in (a), showing the etched graphite layers which bend toward the center of 
the nanotube. 




First, the CNTs should contain liquid inclusions which are the targets of the 
electron-beam irradiation. The irradiation effects on multiwall [7] and single- 
wall nanotubes [8, 9] in TEM have been investigated previously. The primary 
cause of irradiation damage to CNTs was revealed to be large-angle electron- 
nuclear collisions [10], while beam heating played a less important role to 
induce the structural failure. The rapid atomic diffusion and reconstruction 
following the irradiation damage, as exhibited in these previous reports, could 
cause disordering, shrinkage or collapse of CNTs. No observation of the 
puncture on the tube walls of CNTs was reported. The importance 
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Figure 5. TEM images showing that several holes appear at the same time after a single exposure: (a) 
two holes on front wall, opened in conventional TEM mode, (b) 7 holes on front wall with different 
sies and shapes, opened in STEM mode. 



of the liquid inclusion in the hydrothermal CNTs is therefore clearly 
demonstrated. Due to the heating with electron beam in TEM, the liquid 
inclusion undergoes an evaporation. However, the puncture might not be the 
result of the physical force induced by the inner gas explosion. This is not 
only because the CNTs can withstand extremely high internal pressures [15], 
but also because, in that case, the broken tube walls would bend toward 
outside as the vapor rushes out, which is not the case (Fig. 3b and Fig. 4b). In 
these HRTEM images, the broken graphite layers were found to bend toward 
the inside of the nanotube, disproving the explosion-puncture mechanism. 
Therefore, the chemical mechanism must be considered. A previous study on 
the hydrothermal CNTs [16] indicated that a chemical reaction between liquid 
inclusion and carbon tube walls could take place due to the electron beam 
irradiation in TEM: 

C + 2 H 2 O ^ CO 2 + 2 H 2 . 

The reaction could result in dissolution of the graphite layers and etching of 
the inner nanotube walls. Since in the present work we performed an 
extremely strong electron beam irradiation, etching of the graphite layers 
could be accomplished through the tube walls of the CNTs until the puncture 
appeared and the residual liquid was lost to the microscope vacuum. This 
process was very fast because we were dealing with an extremely small liquid 
inclusion (in the order of 10 liters). The size and shape of the holes 
produced were determined by the area where the reaction took place, not by 
the size of the electron beam. This explains why similar size and shape of 





423 



punctures have been observed when either converged electron beam (Fig. 3a) 
or STEM probe (Fig. 4a) were used. 

The second condition required to open CNTs is that the beam intensity (in 
term of electron flux) through the specimen must be strong enough to 
stimulate the reaction. A parallel electron beam with large exposure area and 
low electron flux in conventional TEM mode was not found to be able to 
puncture the nanotube. A strongly converged beam in the same TEM mode, 
however, can violently stimulate the etching reaction and the puncture (Fig. 2 
and 3). The electron probe in STEM mode, which is extremely converged 
electron beam and thus possesses high beam intensity, can puncture the 
nanotube instantly once being shifted upon the liquid inclusion (Fig. 4). 

The third condition is that the operation of converging electron beam 
must be quick. This is especially crucial in conventional TEM mode. Only 
fast beam converging (within 1 second) can cause the puncture of CNTs. 
Slow beam converging would not cause sufficient etching reaction in a short 
time. It would instead lead to liquid transport away from the electron beam 
or/and its evaporation and condensation in a cold part of the nanotube [13]. It 
was also shown in our previous work [16] that a slower heating may lead to a 
local increase in internal tube diameter, thus producing a chamber inside the 
tube. This can be used for improving flow mixing inside the nanopipe. 

Since the CNTs investigated are not always perfect, various shapes and 
distributions of punctures have been observed when the above three 
conditions are satisfied. The etching reaction may happen more easily at 
defects of the nanotube walls. If the defects are random point defects, the 
punctures caused by etching reaction are also randomly distributed, like in Fig. 
5a. If the defects are caused by stacking faults of the nanotube walls during 
their formation, the distribution of the defects and thus the punctures may 
appear with some amount of periodicity. An example is shown in Fig. 5b 
where the punctures form a hexagonal structure, as indicated by lines and 
solid cycles. 

4. SUMMARY AND CONCLUSIONS 

It has been shown that the tube walls of the carbon nanotubes containing 
water can be opened by strongly converged electron beams. The puncture can 
be done in conventional TEM mode and STEM mode which produce similar 
results regardless of the large difference in beam size and intensity. The 
reaction between water and carbon tube walls, stimulated by electron beam 
irradiation, etches carbon nanotubes from inside until the puncture appears. 
The necessary conditions to initiate the puncture of the carbon nanotubes 
include the presence of water inclusion, the high beam intensity and the rapid 
beam-converging operation (in case of conventional TEM mode). This new 
method for nanomachining carbon nanotubes provides a way to produce 
carbon nanotubes with three or more entrances, instead of only two at the 
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ends, which could be useful in many potential applications, for example, 
fabrication of nanofluidic devices. 
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1. INTRODUCTION 

Nanomaterials research is seeking methods to achieve a precise control 
over composition, particle size, size-distribution and morphology [1, 2], The 
conventional syntheses involving solid-state or liquid phase reactions of two 
or more components fail to meet the challenge. The chemical syntheses based 
on the controlled reactions (interactions) of atoms or molecules are becoming 
promising alternative for a rational synthesis of nanostructured materials. In 
this context, different chemical approaches have been put forward to 
synthesize well-defined materials due to the low temperatures required for the 
synthesis and the possibility of building extended solid-state structures from 
molecular building blocks [3-7]. When compared to the solid-state reactions, 
the solution methods allow a controlled interaction of atoms or molecules to 
form uniform films or particles. Further, the flexibility to combine different 
ligands or metal combinations allows the precursor designing to meet the 
demands of the target material [8]. Recently, a one-step strategy for the 
synthesis of nanomaterials involving ensemble of the phase-forming elements 
in a single molecular source, has gained significant attention because it 
enhances the advantages of chemical processing and simultaneously reduces 
the process parameters [8-14]. 

2. THE PRECURSOR CONCEPT 

Although heterometal alkoxides are invariably formed in a mixture of 
constitutent alkoxides, the simple mixing of two alkoxides M(OR)x and 
M'(OR)y is no guarantee for the formation of a single precursor species 
MM'(OR)x+y mainly due to the structure potential of alkoxide ligand to bind 
one, two or three metal centers. As a result, besides the desired precursor, 
several other compounds can be present in an uncharacterized precursor 
cocktail. For example, Ba and Zr(Ti) alkoxides can 
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(a) (b) 






Figure I. Molecular structure of different Ba-Zr(Ti) alkoxide clusters: (a) [BaZr 2 (OBu‘)io] (Ba:Zr = 1 :2), 
(b) [Ba 2 Zr(OBu‘) 8 (HOBu‘) 2 (THF)] (Ba:Zr = 2:1), (c) [BaTijCOPf)^] (Ba:Ti = 1:3) and (d) 
[BaZr(OPf)s(OH)(HOPr')3]2 (Ba:Zr= 1:1). 

combine in different ways to produce mixed-metal Ba-Zr(Ti) alkoxides with 
different structures and metal ratios [11]. Some examples of alkoxide clusters 
based on different Ba:Zr(Ti) ratios are shown in Figure la-d. Of course the 
formation of a particular framework is subject to the chemical nature (neutral 
or anionic) and size (steric profile) of the ligands. 

In most of the chemical methods in practice, the starting materials are 
commonly available reagents, which are close to the desired composition but 
often need a heat-treatment step to attain the final composition. Since the 
material synthesis procedures (e.g., solid-state reactions, combustion 
reactions, etc.) rely on the intrinsic chemical behaviours (e.g., different 
hydrolysis rates of the reactants in solution phase reactions or different vapour 
pressure or thermal stability in the gas phase reactions) of the different 
components present in a reaction mixture, the stoichiometry of the target 
material is susceptible to inaccuracies due to the lack of chemical bonding. If 
the metal-ligand connectivity corresponding to the solid state structure is not 
given, the different compounds present in the reaction mixture randomly 
interact to form several intermediate species with metal ratios unfavorable for 
obtaining a single-phase material. As a consequence, phase separation and 
element segregation are present at the nanometer scale, although the global 
stoichiometry of the product may correspond to the desired composition 
(Scheme I). For instance, a simple mixture of two chemical precursors A and 
B (Multi Source Process, MSP), to produce the bimetallic oxide system 
AxByOz, may produce a visibly homogeneous mixture but the molecular level 




427 



scenario can be different and despite a correct global stoichiometry the 
precursor ‘cocktail’ may have element segregation and non-ideal A:B ratios at 
the nanometer scale that may be carried forward to the end product (Scheme 

I)- 



A:B = 1:1 MSP SSP 

(expected) A + B A— B 




A-Rich B-Rich A:B = 1:1 A:B = 1:1 



Scheme I 

Our investigations on the application of heterometal alkoxides in the 
material synthesis have shown that isolation and characterization of 
preceramic aggregates is necessary for the phase selective synthesis of 
materials. For instance, high purity BaZrOs powders can be obtained by 
using a single-source Ba-Zr alkoxide, [BaZr(OPr‘)5(OH)(HOPr‘)3]2, whereas 
perovskite obtained from a mixture 




[BaZr(OH)(OPr')5(PrOH)3]2 BaZrOj 



Scheme II 
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of Ba and Zr precursors was found to contain undesired phases. The main 
drawback of solution syntheses performed using mixtures of alkoxides is the 
differential hydrolysis behaviour (kinetics) of individual components, which 
often leads to the formation of secondary phases. This limitation can be 
overcome by employing well-characterised heterometal molecules ('single- 
source') with metallic elements present in the ratio compatible with the 
targeted ceramic. Such an inorganic cluster can be seen as a molecular 
template for initiating the formation of a solid-state structure at the nanometer 
scale (Scheme II). 

3. SOL-GEL PROCESS USING ALKOXIDE PRECURSORS 



The sol-gel technique using metal alkoxides is based on inorganic 
polymerisation reactions in which metal alkoxide derivatives such as M(OR)x 
or MM'(OR)x+y are carefully hydrolysed to produce species containing M-0- 
M or M-O-M' linkages [5-7]. These modified molecular entities arrange 
themselves via hydrolysis and cross-condensation reactions to form 
macromolecular networks with oxo- and/or hydroxo bridges thus favoring the 
gelation process. The partially hydrolysed alkoxides can be viewed as 
molecular building blocks for the development of sol (particulate) or gel 
(polymeric) structure, which can be dried and fired to obtain the desired 
oxide. Modifying the alkoxide precursors with less hydrolysable or 
polymerizable groups can chemically control the condensation reactions [5,6]. 
The metal species bearing a terminal hydroxy group react with other species 
in the solution to form oligomeric structures linked by oxo- (0^‘) or hydroxo 
(OH‘) ligands, which transforms into polymeric gels by aging. The 
polymerization reactions and the followed drying and thermal treatments 
result in the elimination of water (oxolation) and alcohol (alcoholation) to 
finally produce a solid material (Scheme III). 
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4. NANOCERAMICS 

This section contains the selected examples of the synthesis and 
characterization of nanoscaled powders of bimetallic oxides obtained by the 
sol-gel processing of single molecular precursors. 

4.1. Perovskites (BaMOa; M = Ti, Zr) 

The dielectric ceramics BaTiOs and BaZrOs are finding extensive 
electronic applications due to their high dielectric constant and ferroelectricity 
[25, 26]. The powders obtained from conventional routes are agglomerated 
with large and unequal grain sizes and contain varying amounts of undesirable 
impurities due to incomplete reactions or undecomposed intermediates. The 
poor control over compositional homogeneity and phase-purity has an adverse 
effect on their electrical and mechanical properties [27]. Nanocrystalline 
BaTiOs and BaZrOs oxides [28] have been synthesised from single-source Ba- 
Ti(Zr) alkoxide precursors. The improved homogeneity, phase-purity, and 
lower crystallisation temperatures for gel ^ oxide conversion are attributed to 
the use of mixed-metal compounds containing preformed Ba-O-Ti and Ba- 
0-Zr bonds. The TEM images (Fig. 2) of barium-titanate powder obtained 
from single source route revealed homogeneous nanoparticles, whereas for 
powder from hydroxide route showed severe agglomeration and abnormal 
particle growth [28]. The strict control over the metal ratios through 
stoichiometric clusters allows the crystallisation of perovskite nanoparticles at 
low-temperature (ca. 600 °C). 




Figure 2. TEM images of BaTiOs ceramic obtained from (a) hydroxide and (b) single source routes. 



The X-ray powder diffractograms (Fig. 3) reveal that the powder obtained 
from conventional method is contaminated even at 1200 °C by undesired 





430 



side-products like BaCOs and Ba 2 Ti 04 whereas a single-phase material is 
obtained using the mixed-metal alkoxide precursor. In addition, the volume- 
and number-weighted size dispersions are significantly narrow for the 
perovskite powders obtained from alkoxide precursors (Fig. 3), which is not 
the case for powders obtained by hydroxide route due to severe agglomeration 
and abnormal particle growth [28]. 




D (nm) 





D (nm) 



Figure 3. XRD patterns and corresponding particle size-distribution curves of BaTiOs particles obtained 
by different sol-gel methods (BaCOj (•) and Ba 2 Ti 04 (■)). 



4 . 2 . Spinels (MM'204; M = Mg, Co, Ni, Cu, Zn; M'= Al, Ga, Fe) 

Although MgAl 204 powders and films have been successfully prepared from 
magnesium-aluminium iso-propoxide containing the appropriate Mg:Al ratio 
(1:2) [20], the preparation of transition metal-aluminium, -gallium or -iron 
spinels is 




Figure 4. Molecular structure of [CoAljtOBu')*]. 
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limited to the fusion of the two component oxides [29, 30] at high 
temperatures (1000-1600 °C) or by co-precipitation reactions [31, 32], in 
solution. We have used hetero-bimetallic precursors, [MM' 2 (OR) 8 ] (M(II) = 
Co, Zn; M' = Al, Ga, Fe), to obtain high purity spinels at low-temperature. 
The molecular structure (Fig. 4) of the Co-Al derivative reveals the Co:Al 
ratio suitable for C 0 AI 2 O 4 [24]. For a comparative evaluation of the single- 
and multi-component approaches, C 0 AI 2 O 4 spinel was synthesized from (i) 
[CoAl 2 (OBu‘) 8 ] and (ii) a stoichiometric mixture of [Al(OPr‘) 3]4 and Co(OR )2 

(R=(C6H5)3C-). 

The XRD patterns (Fig. 5) of the two C0AI2O4 samples reveal that the 
single-source synthesis yields, under similar experimental conditions, higher 
phase 




Figure 5 . XRD patterns of C0AI2O4 obtained from (a) single- and (b) multi-source routes. Arrows in the 
case of multi-source synthesis indicate undesired phases. 

purity and crystallinity when compared to the spinel obtained using two 
separate metal sources. It should be noted that in the later case the different 
hydrolysis kinetics of Co and Al alkoxides and formation of several species 
with different metal ratios can adversely affect the homogeneity (with respect 
to the cation distribution) of the precursor solution. Similarly, nanocrystalline 
CUAI 2 O 4 and NiAl 204 could be obtained by a single-step processing of 
[CuAl 2 (OBu‘) 8 ] and [NiAl 2 (OBu*)s], respectively [24]. 

Similarly zinc aluminate (ZnAl 204 ), a well-known wide band gap 
semiconductor with a spinel structure, was prepared by the sol-gel processing 
[33] 




Figure 6 . Molecular structure of [ZnAl2(OBu')g] . 
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of bimetallic precursor shown in Fig. 6. Recent investigations on ZnM204 (M 
= Al, Ga) compounds have shown these systems to be new transparent and 
conductive materials. 

The optical band gap of polycrystalline ZnAl204 (3.8 eV) indicates the 
material to be transparent for the light possessing wavelength larger than 320 
nm. Thus it can be utilized for UV-photoelectronic devices. Owing to the 
quantum confinement, the energy levels of a semiconductor nanoparticle 
(quantum dot) are 'blue shifted' with respect to those of the bulk. Moreover, 
ZnAl204 spinel is useful in many catalytic reactions such as cracking, 
dehydration, hydrogenation and dehydrogenation reactions [34]. The XRD 
pattern of the sample calcined at 400 °C, shows zinc aluminate (Gahnite) to 
be the only crystalline phase. This is the lowest reported temperature for the 
formation of single phase crystalline ZnAl204. The diffraction peaks in 
samples calcined at higher temperatures (600-1400 °C) show sharper profiles 
resulting from the continuation of crystallisation/ordering processes and grain 
growth. The calculated lattice parameters (ao = 8.0855 A) for cubic spinel 
phase are in good agreement with the reported value (ao = 8.0848 A, JCPDS 
File 5-669). The determination of the crystallite size from the line shape 
analysis of the diffraction peaks showed a log normal grain growth with 
increasing calcination temperature (Fig. 7). The above observations were 
confirmed by the TEM images of the ZnAl204 samples calcined at different 
temperatures, which showed a systematic crystal growth [33]. 




Figure 7. Exponential relationship of the crystallite size in ZnAEOq ceramic and calcination temperature. 



The absorbance spectra (Fig. 8) of ZnAl204 samples heat-treated (6h) 
at 700, 800, 1000, 1200 and 1400 °C reveal a systematic shift in the 
absorption maxima. The absorbance edge became steeper on increasing the 
calcination temperature and a 'red shift' (4.5 to 4.0 eV) was observed (Fig. 8). 
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It is known that the band gap, Eg, of a nanocrystalline specimen scales with its 
diameter, d, as Eg ~ 1 /d. It can be surmised that the observed variation in 
absorption is relevant to a strong change in the particle size reflecting the 
transition of spinel from nanocrystalline to the micron (bulk) state. The 
absorbance spectra of different Z11AI2O4 samples and ZnO, AI2O3 standards 
are shown in Fig. 8. The band gap 




Figure 8 . (a) Absorbance spectra of nanocrystalline ZnAl204 samples and (b) relationship between 
ZnAl204 bandgap and the particle size. 

values ( 4 . 0 - 4.5 eV) were obtained from a linear extrapolation of the 
absorbance edge to cross the wavelength axis and are quite different from 
those of AI2O3 and ZnO in spite of the existence of the Af ^ and Zn^^ cations. 
This corroborates the phase purity of ZnAl204 samples and the absence of any 
micro-phase separation. 

4.3 Orthoferrite (GdFeOs) 

A designed assembly of trivalent lanthanide and iron ions in a molecular 
framework (Fig. 9 ) provided, for the first time, access to metastable rare earth 
iron perovskites of general formula LnFe03 (Ln = any lanthanide ion). The 
unique magnetic properties such as high coercivity [ 35 ] and Faraday rotation 
[ 36 ], make orthoferrites interesting materials for magneto-optical data storage 
devices. The problem commonly encountered in the selective synthesis of 
LnFeOs compounds is the formation of thermodynamically favored garnet 
and secondary iron oxide phases caused by the use of a mixture of Ln^^ and 
Fe^^ constituents as the precursor. Since no chemical control (bonding) is 
offered, the lanthanide and iron compounds in the admixture randomly collide 
to form various intermediate species with metal ratios unfavorable for 
obtaining a single-phase material. The result is the co-existence of more stable 
garnet (Ln3Fe50i2) and magnetite (Fe304) phases, which in view of their 
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higher magnetic moments hinder specific investigations on the weak 
ferrimagnetic behaviour of the orthoferrite, LnFeOs. In this context, the 
precursors with the required cation ratio and preformed Ln-O-Fe bonds are a 
major break-through in the selective synthesis of ortho ferrite films and 
particles [37]. 




20 

Figure 9. (a) Molecular structure of [{GdFe(OPr')6}(HOPr‘)]2 and XRD patterns of the materials obtained 
in the synthesis of GdFeOj from (i) single- and (ii) multi-component routes. Peaks due to Gd3pe50i2 are 
marked as •. 

Nanoparticles of GdFeOs were obtained by a controlled hydrolysis of the 
heterometal alkoxide. The sol was freeze-dried to obtain the xerogel that was 
calcined at different temperatures (600, 800 °C) and characterized by powder 
X-ray diffratometry (Fig. 10a). The raw powder was amorphous till 600 °C. A 
well-developed orthoferrite phase is observed at 800 °C. The crystalline 
GdFeOs forms directly from an amorphous precursor without the 
crystallisation of any intermediate phases. The garnet composition, invariably 
formed in the synthesis of orthoferrites, is not observed when a single-source 
precursor is used. Moreover, no phase segregation or crystallisation of other 
stoichiometries was observed, which confirms the compositional purity of the 
sample and our contention that the chemical mixing 
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Figure 10. (a) XRD patterns and (b) normal and high resolution TEM images of GdFeOs ceramic. 
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of the ions is retained during the various stages of the processing. Further, the 
crystalline GdFeOs is formed at much lower temperature than those required 
for the solid-state reaction using Gd203 and Fc203 powders (-1800 °C). The 
TEM image (Fig. 10b) of the GdFeOs ceramic calcined at 1000 °C shows 
faceted crystallites of nearly uniform size (~ 60 nm). The high-resolution 
image of the GdFe03 particles revealed clear lattice fringes with interplanar 
spacings corresponding to the perovskite lattice [37]. 

Orthoferrites display antiferromagnetic order for T < 620-730 K, 
depending on the atomic size of the rare earth involved. The weak 
ferromagnetism arises from the low symmetry of the magnetic unit cell, 
producing a spin-canted structure of the Fe sub lattice [38]. Both the 
temperature and field dependence of the magnetization in GdFe03 can be 
explained from the weak ferromagnetism [39] of these systems, and the very 
different ordering temperatures of Gd (-1 K) and Fe (-600 K) magnetic 
sublattices [40]. The magnetic susceptibility %dc displays a paramagnetic-like 
behaviour down to the lowest temperature available (T - 2 K). The fit of the 
experimental data using the Curie- Weiss law %(T) = C/(T - 0) was used to 
calculate the effective magnetic moment peff = 8T(1) M-b and Curie-Weiss 
temperature 0= -7(1)K. The value of effective moment corresponds to the 
paramagnetic contribution of Gd^^ ions (i.e., 8.0 pe for an ^87/2 state). On the 
other hand, the small (negative) value of ©supports the fact that the Gd- 
Gd (antiferromagnetic) exchange 




Magnet Field (T) 



Figure 11. (a) Magnetization and inverse magnetic susceptibility (inset, a) curves and (b) M-H hysteresis 
(300 K) for the GdFeOj ceramic calcined at 800 and 1000 °C. 

are remarkably weak. The M(FI) curve (Fig. 11) shows a linear increase with 
field, without signs of saturation up to 5 T, resembling a paramagnet. 
Flowever, the large coercivity (FIc = 2.6(1) kOe) observed indicates that the 
sample is not superparamagnetic in spite of the nanosized grains. 
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4.4 Pure and Lanthanide-Doped Garnet Powders (Y3AI5O12 
and LnrYsAlgOn) 

YAG is a promising high-temperature engineering material for insulating 
or refractory coatings because of its low creep rate, high oxidation resistance, 
and low electrical conductivity. Lanthanide-doped yttrium aluminum garnets 
(LmYAG; Ln:Y 3 Al 50 i 2 , Ln = any lanthanide element) have been widely 
studied due to their application in solid-state lasers [41-45]. YAG is a robust 
host for luminescent ions because it does not damage easily under high 
irradiance with an electron beam. Therefore, rare-earth-doped YAG materials 
are promising phosphor candidates in cathode-ray tubes (CRTs), field- 
emission display (FED), scintillators, vacuum fluorescent displays (VFDs) 
and electroluminescent systems. 

The solid-state synthesis of YAG ceramic from AI2O3 and Y2O3 powders 
usually requires extensive mechanical mixing and lengthy heat treatments [45, 
46]. The yttria-alumina system has several stable phases, namely YAP 
(YAIO3), YAM (Y4AI2O9) and YAG (Y3AI5O12). Commonly YAP and YAM 
phases are formed as intermediate byproducts even if YAG is synthesized 
with stoichiometric mixture of Y2O3 and AI2O3. Therefore extensive heat 
treatments at high temperatures (> 1600 °C) [45, 46] and repeated mechanical 
milling are required to decompose the intermediates so that a pure garnet 
phase can be formed. These processing conditions do not allow facile control 
over microstructure, grain size and grain size distribution in the resulting 
powders or shapes. Several wet-chemical techniques such as polymerized 
complex route, metal-organic preceramic processing, coprecipitation methods 
or yttrium carboxylate-alumoxane route have been used to produce YAG 
phases [47]. Most of these methods suffer from the complex and time 
consuming (long refluxing times, gelation periods of several days, etc.,) 
procedures and/or mismatch in the solution behaviour of different chemical 
species. Further, a precise control of cationic stoichiometry is not achieved, 
for instance, due to the phase separation tendencies of unimetal phases. In the 
case of precipitation reactions, the difference in the isoelectric points 
(different pFI level) of the constituent species results in element segregation 
and non- ideal stoichiometries in the obtained ceramic. For example, 
significant amounts of Y2O3, AI2O3, YAIO3 and Y2AI4O9 phases are present in 
the synthesis of Y3AI5O12 from aqueous yttria and alumina sols [48]. The 
problems of non-uniform mixing, residual phases, unreacted starting materials 
pose a challenge on the conventional methods used for the synthesis of doped 
materials where a few atomic weight percentage of a constitutent is to be 
homogenously dispersed in a host matrix. Since sol-gel methods are based on 
molecular precursors, they allow chemical cross-linking of different metal 
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centers in the initial mixture of precursor species leading to a homogeneous 
distribution of dopant ions in a uniform matrix. 

For comparative evaluation of the conventional solution approach and the 
one based on molecular alkoxide precursors, we have prepared garnet 
powders by employing common inorganic salts (chloride, nitrate, acetate, etc.) 
and alkoxide precursors [47]. Both pure and Nd-doped (1-5 wt.%) yttrium 
aluminum garnet powders were obtained by the complexation of Al^^ and 
Nd^^ ions with 1,2-ethanediol (Polymeric Precursor Route) in an aqueous 
media as well as by the controlled hydrolysis of Y, A1 and Nd alkoxides 
(Alkoxide Route). 

The TG/DTA curves for the Y-Al-0 gel synthesized by polymeric 
precursor and alkoxide routes are shown in Fig. 12. Whereas the 
crystallisation of the garnet phase occurs around 800 °C for the alkoxide- 
derived powder the onset of crystallisation is observed at higher temperature 
(> 900 °C) in the polymeric processing. Despite the lower crystallisation 
temperature, the residual carbon content in alkoxide-derived powders was 
significantly lower than that found in polymeric precursor case. The higher 
percentage of carbon impurities in the glycolate route was found to originate 
from the traces of undecomposed intermediates (e.g., yttrium carbonate or 
oxycarbonate) or trapped complexing agents. This observation was confirmed 
by recording the infrared spectra of heat-treated samples that showed the 
presence of residual organics and carbonate species. The X-ray diffraction 
profiles of the powders reveal the formation of monophasic garnet powders in 
both the cases, however the microstructural features of the two samples were 
found to be significantly different. 
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Figure 12. TG/DTA profiles of Nd:YAG 
ceramics obtained from (a) glycolate and 
(b) alkoxide routes. 
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The TEM images of the powders heated at 1000 °C showed high 
agglomeration effects in the case of polymeric precursor synthesis while well- 
dispersed particles of regular size were obtained in the case of alkoxide 
processing (Fig. 13). The high C and FI contents in YAG powders obtained by 
using a complexing agent together with the observed morphology suggest that 
the residual organic materials act as a ‘binder’ for the nanoparticles. A high- 
resolution TEM image shows that the sintering in alkoxide-derived YAG 
powder begins at relatively low temperature as revealed by the fusion of YAG 
crystallites to form sinter-necks (Fig. 14). 




Figure 13. Transmission electron micrographs of YAG ceramic, sintered at 1000 °C: (a) glycolate and (b) 
alkoxide route. 




Figure 14. HRTEM image of a YAG specimen, sintered at 1000 "C (alkoxide route). 
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In the case of Nd-doped (1 wt.%) YAG powders, the XRD results show 
that although a pure garnet matrix is formed in the case of polymeric 
precursor route, a homogeneous distribution of Nd ions is not achieved. This 
is evident in the observance of small peaks in the diffractogram, which 
correspond to residual neodymium oxide (Fig. 15). A higher homogeneity is 
achieved in the case of alkoxide synthesis because all the metal precursors 
bear similar ligands and can form a homogeneous network during the 
hydrolysis reactions. Consequently, the dopant Nd ions are chemically 'fixed' 
in a Nd-O-Y-O-Al network which leads to the formation of monophasic 
Nd:YAG ceramic (Fig. 15). 
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Figure 15. Room temperature XRD traces of NdiYAG ceramics obtained from glycolate and alkoxide 
routes (Nd 203 phase (*)). 
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Figure 16. Room temperature emission spectra to "^In /2 transition) of Nd(3%):YAG ceramics 
obtained from glycolate and alkoxide routes. 
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The better dispersion of Nd ions in the case of alkoxide processing is also 
observed in the emission spectra of the compacts obtained from the two 
different powders. A comparison of the "'F 3/2 ^ "^In /2 emission of Nd(3 
wt.%):YAG samples (Fig. 16) shows a significantly higher emission 
efficiency for alkoxide-derived powder, which can be attributed to an ultra- 
homogeneous incorporation of Nd ions in the garnet matrix when using 
alkoxide route. 

5. CONCLUSIONS AND PERSPECTIVES 

The hydrolytic transformation of molecular alkoxide derivatives used for 
the phase selective synthesis of different ceramics illustrates the potential of 
alkoxide precursors to 'preform' the material on a molecular level. The 
incorporation of different elements in a molecular source to obtain the target 
material from a Single-Source simplifies the material synthesis by drastically 
reducing the process parameters. Fleterometal alkoxides with metal ratios 
compatible with binary oxide ceramics are effective molecular templates for a 
controlled growth of nanomaterials at low temperatures. These building 
blocks have been used in the sol-gel process to obtain high purity oxide 
nanopowders with a narrow size- and shape-dispersion. Our continuing efforts 
in the synthesis and characterization of new precursor systems and their use in 
solution or gas phase methods to obtain nanomaterials have shown that 
predefined metal stoichiometry and reaction chemistry of the precursor can 
enforce a molecular level homogeneity in the obtained materials [49-55]. 
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Scheme IV 



In the conventional material synthesis procedures (e.g., solid-state 
reactions, coprecipitations, polymeric precursor methods, etc.), the intrinsic 
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behaviours of the different components make a precise control over the phase 
formation rather difficult. In this context, the single-source precursors based 
on predetermined metal-ligand interactions (e.g., metal-carbon for carbides, 
metal-nitrogen for nitrides, metal-oxygen for oxides, etc.) are an attractive 
choice to achieve homogeneous cation distribution at the atomic level and a 
well-defined stoichiometry. 
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Abstract: Sepiolite has very small (several hundred nanometre thick and a 
few micron long) fibers with high internal and external surface areas. It was 
found to be a good Si source for the thermal reduction- nitridation reaction 
(with a reducing agent) to produce silicon nitride. Sepiolite of Turkish origin 
was successfully purified by a hydrometallurgical process using controlled 
additions of concentrated HCl acid. The crystal structure, morphology and 
mineral composition of the sepiolite was preserved for later treatment by 
intercalation and nitridation. Various types of silicon nitride having different 
morphologies were obtained, ranging from long whiskers to equiaxed fine 
particles using sepiolite and various reducing agents. Silicon nitride, in the 
form of nanosized fine particles and fibrous form, has been produced by 
pyrolysis of purified sepiolite and polyacrylonitrile intercalation complex. 



1. INTRODUCTION 

Sepiolite is a hydrated magnesium-silicate type clay mineral. Its chemical 
formula, for a half unit cell, is given as [(Sii2)(Mg8)03o (OH)4 (OH2)4 8H2O] 
by Brauner and Preisinger [1]. The unit cell parameters are given as a=13.4A, 
b=26.8A, c= 5.28A [1]. Typically, sepiolite has a fibrous morphology with 
micro-channels along the fiber axis. The cross section of such a channel is 
I 3 . 4 A by 6 . 7 A [1]. Each macro-fiber consists of tens of hundreds of sub- 
nanometer fibers [2]. The parallel 'piped' fibers are bundled together along 
the c-axis to form microscopically fibrous structure, which is porous in its 
crystalline form (Fig. 1-b). The generic molecular structure of sepiolite is 
given in Figure 1-a. 

The crystal structure of sepiolite consists of two tetrahedral sheets that are 
continuous along the b- and c-axes and an octahedral layer that lies in one 
dimension is sandwiched between the two tetrahedral sheets (Fig. 1-a). Micro- 
channels exist along the c-axis and contain free water (zeolitic water) 
molecules attached to the edges of the octahedral layer. This gives sepiolite 



S. Guceri et al. (eds.), Nanoengineered Nanofibrous Materials, 443 - 449 . 
© 2004 Kluwer Academic Publishers. Printed in the Netherlands. 




444 



molecular-sieving properties since only certain size molecules can either pass 
through or be trapped in these channels. In industry, sepiolite and its 
derivatives have been widely used for adsorption and molecular sieving 
applications in chemical industries [3-5]. 

It is a well-known application to exchange some Mg^^ for other cations 
and with that of heavy metals in order to increase sepiolite' s sorptive and 
catalitic properties [6,7]. Mostly the exchange takes place at easily accessible 
sites at the broken bonds on the fiber surface and in the octahedral sites at the 
channel edges. It is also possible to disintegrate the bundles in the individual 
fibers and align them in one direction after replacing some of the Mg^^ ions 
with Fe^^ in an ion-exchanged process using aqueous solution while applying 




Figure 1. Simplified ionic structure of sepiolite (a), after Brauner and Preisinger [2]. The repeat of 
the molecular unit in x and 7-axis forms the pattern in (b). To give a clear view in b, zeolitic water 
molecules (H2O) are not shown in the system. 

a continuous magnetic tieid ['6\. 

Positively several numbers of successful research work could be found in 
literature where the clay minerals and some other unusual sources of 
precursors were used to produce ceramic powders. For instance, Si 3 N 4 of a- 
phase was synthesised using rice husk, digested with NHO 3 and pyrolysed 
before heat treating at 1450 °C in flowing nitrogen [9]. Short needle-like and 
wool-like whiskers of Si 3 N 4 were obtained using a quartzite, diatomaceous 
earth, terra abla and moulding sand, at 1370 °C in an NH 3 -N 2 gas-stream [10]. 
Without paying much attention on the purity level and the rheological 
properties, the uses of sepiolite (Japanese and Turkish origin clay minerals) as 
a Si source for the synthesis of Si 3 N 4 were previously explored [11-13]. In this 
paper, it was aimed to provide an overview of the results obtained from the 
study of the synthesing Si 3 N 4 ceramics from sepiolite clay mineral and the 
potential utility of the findings. 

2. MATERIALS 

As-received sepiolite of brown colour was obtained from Eski§ehir-Turkey. 
Sepiolite samples were received in the form of coarse particles. These 
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were crushed and sieved to different size fractions. Charcoal, carbon black 
and petroleum coke were primarily used as reducing agents (Table 1). Carbon 
black was used as-received without any further processing. Charcoal, 
however, was supplied in the form of big granular shaped particles; this was 
ball-milled to a fine powder with a high surface area. Acrylonitrile monomer 
supplied by Hopkin & Wiliams ltd. was used as an alternative carbon source 
in a polyacrylonitrile (PAN)-sepiolite intercalation compound. Azo-iso- 
butyronitrile (GPR) was used as an initiator (0.5wt.%) in acrylonitrile 
monomer. To stimulate the formation of a-phase, fine a-Si 3 N 4 powders 
(average particle size, 0.5pm) (NUIO, TENMAT Ltd.) was added in some of 
the reactants before the carbothermal reaction. 



TABLE 1. Reducing agents used in processing. 



Materials 


Supplied by 


Purity 

(%) 


Pour 

Density 

(kgW) 


Tap 

Density 

(kg/m^) 


Mean 
Particle 
size ( |J,m ) 


Surface 
Area 
( m7g ) 


Carbon Black 
(Vulcan- 1 OH) 


Cabot 


99.7 


345* 


390 


5 


no 


Charcoal, 

(C/4120/53)'^ 


Fisher 

Scientific 


92.8 


333 


488 


30 


777 


Petroleum Coke 
D44 GAO 43B 


James & 
Durans ltd. 


99.0 


761 


904 


70 


60 



* Charcoal received in the form of granular was ball milled (4h). # Values underlined are 
supplier data. 



3. EXPERIMENTAL METHODS 

Mineral and chemical compositions of sepiolite are given in Table 2 and 
Table 3, respectively. Sepiolite clay mineral comes with high amount of 
impurity content (i.e., dolomite). Sepiolite in the form of course particles was 
sieved to different size fractions. Powders of -150pm+75pm size fraction 
were purified using 0,21 M HCl acid solutions. Techniques to use and the 
details of the purification process have been previously reported [14]. Purified 
samples were used as a precursor for later use in carbothermal reduction- 
nitridation process and in sepiolite-polyacrylonitrile compound. Analysing of 
the starting materials, precursors and the reaction products using standard 
characterisation techniques have been thoroughly described [14,15]. 



TABLE 2. Mineral composition and features of the clay sample used in this study. 



Mineral 


Sepiolite 


Dolomite 


Total Weight Loss 


Surface Area at 




(wt.%) 


(wt.%) 


at 1000 °C (%) 


25 °C (m^ g-‘) 


As-received 


81.52+1.00 


18.48+1.00 


25.25 


87 


After purification 


100 


0 


- 


161 
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TABLE 3. Chemical composition (wt.%) of sepiolite samples, as-received material - 
150 +75 pm size fraction after sieving. 



SiOj 


MgO 


CaO 


AI2O3 


FejOj 


K 2 O 


Ti02 


Na20 


P2O5 


47.11 


20.48 


5.62 


0.94 


0.44 


0.08 


0.05 


0.02 


0.01 



4. RESULTS AND DISCUSSION 
4.1 Sepiolite 

Dolomite impurity, constitutes in approx. 20 % of the as-received mineral, 
was fully eliminated by treating with 0,2 IM HCl for 2h at 60 °C (solid to 
liquid ratio 1/15 g.mf') without any obvious effect on the molecular 
framework of fibrous sepiolite structure. This was confirmed by XRD, IR and 
SEM data (Fig. 2). The specific surface area of sepiolite is doubled after the 
elimination of the impurity, from 87 m^.g’' for sepiolite as-received material 
to 161 m^.g’' for the sample after leaching as expected since dolomite occurs 
as a cement in-between the parallel pipe-shaped sepiolite fibers. 

An initial trial was made to produce silicon nitride from the FICl acid 
treated sepiolite and a polyacrylonitrile intercalation compound. The purified 
sepiolite was soaked in either a fixed amount or excess of an acrylonitrile 
monomer after the dehydration of zeolitic water molecules (at 140 °C, 2h). 
This precursor was subsequently polymerised and cyclized to produce 
stabilised PAN (to be a source of carbon in the later stage of pyrolysis) so that 
the resulting carbon could be used as a reducing agent in the carbothermal 
reduction-nitridation (CRN) process. The main purpose of using sepiolite- 
PAN was to obtain an intimate mixture of the reducing agent with the oxide 
phase(s) so that sepiolite and carbonised organic molecules (i.e., PAN) would 
contact at a molecular level during the carbothermic-reduction process. In 




(a) (b) 



Figure 2. SEM micrographs of the sepiolite fibers as-purified (a) and after polymerisation and 
cyclization (b) using the monomer at a weight to volume ratio of 14 (g/ml). 

addition, the use of a high purity monomer virtually free from inorganic 
matter would eliminate any ash content. Figure 2-b shows sepiolite fibers 
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after polymerization and cyclization stages. The specific surface area of the 
cyclized sepiolite-PAN sample was measured as 6.30 m^.g'*, which is well 
below the value of the total external surface area (161 m^.g'*) of an equal 
mass of pure sepiolite fibers. This suggests that although there is no optically 
visible external polymer coating on the fibers, i.e., the sepiolite' s fibrous 
morphology was preserved, a thin coating of polymer must exist over the 
bundle of fibers. Also, the channels and pores of the fibers, which were 
previously open, must have been filled by the monomer and the subsequent 
polymerisation would then block and cover the sepiolite fibers with a thin 
coating of polymer. 

Acrylonitrile monomer having a free radical initiator is successfully 
impregnated and polymerizased into the channels of sepiolite fibers. An 
expanded account of the polymerisation of sepiolite-AN monomer is given 
somewhere [15]. 

Sepiolite as purified form or after polymerization or cyclization stages 
could be of some use, such as, in polymeric systems where fine fibers as 
reinforcing or filler elements are needed. Due to very cheap and relatively 
unsophisticated production processes purified sepiolite having individual 
fibers (or bundles of fibers) aligned in one direction could be used in, for 
example micro chemical sensors and membranes for molecular level 
filtration. Sepiolite fibers were used commercially as components for a carrier 
in chemical industry, such as for pharmaceuticals, cosmetics, and pesticides. 
However, application of sepiolite in chemical industry, such as in the 
pharmaceutical products, could be well explored after fully searching its 
health related biological behavior. There is a limited research on this therefore 
it has yet to be demonstrated whether the inhalation of sepiolite fibers is 
harmful to humans or not [16]. 

4.2 Silicon Nitride 

Fine sized (uniaxial or long whiskers) and surface area up to 11.5 m^.g * 
silicon nitride powders were synthesised from sepiolite-PAN and sepiolite- 
solid carbon precursors; preparations of the precursors and details on the 
carbothermic reactions have been previously explained [14]. It was found that 
the amount and the morphology of the products after nitridation were 
dependent upon several factors in the synthesis and on the constituents, as 
well as the method of preparation of reagents. The state of the starting 
materials was found to have a major effect, also impurities, on the formation 
of Si 3 N 4 and the a/p phase ratio. Under the identical testing conditions (i.e. the 
same purified sepiolite sample used and all samples nitrided identically, for 
example, at 1400 °C for 4h with 300 °C/h heating rate and 1000 ml/min N 2 - 
fiow rate); the best results were obtained with sepiolite-PAN and sepiolite- 
charcoal mixtures. Sepiolite-petroleum coke, on the other hand, yielded only 
small amounts of P-S 13 N 4 in CRN process. This effect was somewhat 
attributed to the specific surface area of the reducing agents (Table 1). It was 
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observed that samples ran at relatively low temperatures (1300 - 1323 °C) 
with long nitridation time (8 - 16h.) resulted in the formation of Si 3 N 4 
whiskers (Fig. 3-a), which were identified as a-form constituted 40wt.% of 
the product. Either increasing the temperature or lowering the reaction time 
results in the formation of uniaxed fine grains that mainly of P-phase (approx. 
74-81wt.%). Changes in powder morphology and particle size with a change 
in using different reducing agent was obvious since sepiolite-PAN 
intercalation compound yielded very fine particles mainly of P-S 13 N 4 (Fig. 3- 
b). Due to the nature of using clay mineral as a main source for Si, small 
amount of the retained magnesium silicate phases remained in the final 
product after nitridation. Flowever, they were found beneficial since Si 3 N 4 
powders require such additives, which forms liquid phase on sintering. 

Microscopic examinations using SEM and TEM showed that both 
precursor and end products after nitridation were submicron (100-200nm) in 
size (or cross section) that may be utilised as reinforcing material in metallic 
and polymeric systems. Sepiolite alone or combined with PAN could be of 
some use in polymeric systems as a cheap filler material. The further work is 
projected on concentrating the benefits of using such materials as strength 
inducing mechanisms. Silicon nitride synthesised from sepiolite contains 
inevitably some retained oxides phases that are not tolerable to make them use 
in high temperature applications. Therefore, the synthesised powders could be 
of an alternative source for low temperature applications such as, 
thermocouple protection sheaths, riser and delivery tubes in low-pressure 
diecasting operations and cutting edges for scissors. Some powders having 
high amount of silicon nitride phase were pressureless sintered at 1700 °C for 
Ih without using any additives. Powders, retained their small average grain 
size after sintering produced up to 85% theoretical density [17]. 




Figure 3. The particle morphology of SisNq whiskers after 16h reaction at 1300 °C using 
sepiolite-charcoal mixture (a). Mainly fine p-phase particles with some lath-like shaped a-phase short 
fibers produced from sepiolite-PAN (b). (Carbothermal reduction-nitridation process took place 
at 1350 T for 4h.) 
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5. CONCLUSION 

Sepiolite clay mineral retained its fibrous microporous morphology after 
controlled hydrometallurgical processes. It could be of some use as its pure 
mineralogical form or after modifying it with hydrometallurgical processes. 
Sepiolite possesses microfibers, which have parallelepiped tunnels along the 
fiber axis that were filled with a suitable monomer for the preparation of 
fibrous silicate - polymer nanocomposite materials. Research and progress on 
the behaviour of an individual and the group of the fibers with or without 
intercalation will open new perspective of using sepiolite. 

Silicon nitride powders of fine uniaxed grains or long whiskers were 
produced using sepiolite fibers with a reducing agent under reduction- 
nitridation atmosphere. The grain size and morphology of silicon nitride were 
found to be dependent on the reaction conditions and starting reagents. 
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Abstract: In this paper a survey of literature on thermal conductivity of 
nanometer sized particle and fiber filled polymer composites are given as well 
as thermal conductivity of nanofluids (nanoparticles in suspension in fluids). 
Also models predicting the effective thermal conductivity of composites filled 
with particles are stated and are compared with experimental data with micro- 
sized AI 2 O 3 particle filled HDPE composite. 



1. INTRODUCTION 

In order to obtain materials of desired thermal, mechanical and electrical 
properties, matrix materials, such as polymers, are processed with different 
kind of fillers. Fillers may be in the form of fibers or in the form of particles 
uniformly distributed in the polymer matrix material. Many of the properties 
of fibrous composite materials are strongly dependent on the fiber properties 
as well as on microstructural parameters such as fiber diameter, fiber length, 
fiber length distribution, volume fraction of fibers and the alignment and 
packing arrangement of fibers. It is evident that thermophysical properties of 
fiber filled composites are anisotropic, except for the very short, randomly 
distributed fibers. Whereas, thermophysical properties of particle filled 
polymers are isotropic. Many theoretical, numerical and experimental studies 
exist about thermal conductivity of micrometer sized particles and fiber filled 
polymer composites. 

Recently, techniques have been developed to process matrix materials with 
nanometer sized grains, particles and fibers. These filler may be used as an 
effective strategy for either increasing or reducing heat transfer rates of 
composite materials. There are very few publications about thermal 
conductivity of nano particle and fiber filled polymer composites, a recent 
research by Putman et al. [1] used the 3o) method to study the thermal 
conductivity of composites of nanoscale alumina particles in 
polymethylmethacrylate (PMMA) matrices in the temperature range 
40<T<280 K. For 10% of 60 nm of alumina particle filler by weight (3.5% by 
volume) thermal conductivity of the composite is slightly decreased at low 
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temperatures (below 100 K), the maximum decrease taking place at 40K 
which is about 2.5% less than the pure PMMA. Whereas, above 100 K, 
thermal conductivity of the nanocomposite is slightly increased, maximum 
increase of 4% at room temperature. They also did measurements with 
micrometer sized alumina particles, thermal conductivity of the composite is 
increased about 2 to 3% in the whole temperature range. 

Another publication by Kruger and Alam [2] is about the thermal 
conductivity of aligned, vapor grown carbon nanoscale fiber reinforced 
polypropylene composite. They measured thermal conductivity by 
Holometrix p Flash Thermal Properties instrument in the longitudinal and 
transverse directions for 9%, 17% and 23% fiber reinforcements by volume. 
The values of thermal conductivity are 2.09, 2.75, 5.38 W/m.K for the 
longitudinal directions and 2.42, 2.47, 2.49 W/m.K for the transverse 
direction respectively, while the thermal conductivity of unfilled PP is 0.24 
W/m.K. There is anisotropy in thermal conduction, there is increase in both 
direction. 

A recent area of research is about the effective thermal conductivity of 
liquid with nanoparticle inclusions. The effective thermal conductivity of 
nanoparticle suspension can be much higher than the normally used industrial 
heat transfer fluid, such a fluid has terminologized as "nanofluid", and considered 
to be a novel enhanced heat transfer fluid. Very recently, Keblinski et al. [3] 
reported their idea on the possible mechanisms of en-hancing thermal 
conductivity, and suggested that the size effect, the clustering of nanoparticles 
and the surface adsorption could be the major reason of enhancement, while the 
Brownian motion of nanoparticles contributes much less than other factors. In 
particular, it was demonstrated that solid nanoparticle colloids (i.e., colloids in 
which the grains have dimensions of ^10 - 40 nm) are extremely stable and 
exhibit no significant settling under static conditions, even after weeks or 
months [4]. Furthermore, the enhancement of thermal-transport properties of 
such "nanofluids" was even greater than that of sus-pensions of coarse- 
grained materials [5].For example, the use of AI 2 O 3 particles «13nm in 
diameter at 4.3% volume fraction increased the thermal conductivity of water 
under stationary conditions by 30% [ 6 ]. Use of somewhat larger particles («40 
nm in diameter) only led to an increase of less than « 10 % at the same particle 
volume fraction [5]; more in accord with theoretical predictions[7]. An even 
greater enhancement was recently reported for Cu nanofluids, where just a 
0.3% volume fraction of 10 nm Cu nanopar-ticles led to an increase of up to 
40% in thermal conductivity [ 8 ], a result that is more than an order of 
magnitude above the increase predicted by macroscopic theory. Currently, the 
origin of such remarkable increases in the thermal conductivity of nanofluids 
eludes theoretical understanding. 
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2.THERMAL CONDUCTIVITY MODELS FOR TWO 
PHASE SYSTEMS 

Many theoretical and empirical models have been proposed to predict the 
effective thermal conductivity of two phase mixtures. The upper or lower 
bounds of effective thermal conductivity are given when materials are 
arranged in either parallel or series with respect to heat flow. For the parallel 
conduction model: 

( 1 ) k^=(j).kf+{\-(l)).k^ 

and for series conduction model: 

(2) k^ k f k^ 



where, kc , and kf are thermal conductivities of composite, matrix and 
filler, respectively and (j) is the volume fraction of filler. 

In the case of geometric mean model, the effective thermal conductivity is 
given by: 



K=k*.kt 



Using potential theory. Maxwell [9] obtained a simple relationship for the 
conductivity of randomly distributed and non-interacting homogeneous 
spheres in a homogeneous medium: 

^ kf +2.k„+2.^.(kf-k„) 

(4) ' " kf+2.k,„-^.(kf-kj 



Based on Tsao's probabilistic model Cheng and Vachon [10], assumed a 
parabolic distribution of the discontinuous phase. The constants of the 
parabolic distribution were evaluated as a function of the discontinuous phase 
volume fraction. The effective thermal conductivity is given for the case kf > 




Lewis and Nielsen [11] derived a semi-theoretical model by a 
modification of the Halp in-Tsai equation to include the effect of the shape of 
the particles and the orientation or type of packing for a two-phase system: 
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( 6 ) 



k,=k 



1 + A.yg.jZ) 
1 - p.cp.y/ 



o_ k,/k,-l 
kJk„+A 



and 



(//■ = ! + 



(b^ 

r m 






The constant A depends upon the shape and orientation of the dispersed 
particles. (j)j^ is the maximum packing fraction of the dispersed particles. For 

randomly packed spherical particles A=1.5 and (j)j^=0.637, whereas for 
randomly packed aggregates of spheres or for randomly packed, irregularly 
shaped particles A=3 and (j)j^=0.637. 

Based on the generalization of models for parallel and series conduction in 
composites, Agari and Uno [12] propose a new model for filled polymers: 

(7) logk, =(Z>.C2.1ogkf +(l-(Z)).log(C,.k^) 

where, C^, are experimentally determined constants of order unity. is a 
measure of the effect of the particles on the secondary structure of the 
polymer, like crystallinity. C 2 measures the ease of the particles to form 
conductive chains, the more easily particles are gathered to form conductive 
chains, , C 2 becomes closer to 1. Flowever, experimental data is needed for 
each type of composite in order to determine the necessary constants. 




Fig. 1 . Comparison of the experimental and predicted thermal conductivity values for high density 
polyethylene filled with AI2O3 micro particles at 15°C. 
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3. EXPERIMENTAL 

Samples are prepared by mold compression process. The matrix material is 
commercial high density polyethylene in powder form, density 0.968 g/cm^, 
melt index 5.8 g/lOmin and measured thermal conductivity 0.545 W/m.K. 
The filler is AI2O3 powder with particle size 10-20 microns, the solid density 

of AI2O3 is 3.99 glcYc? and its thermal conductivity 31 W/m.K. Thermal 
conductivity measurements are performed using the Shotherm QTM thermal 
conductivity meter working with a modified hot wire method. Thermal 
conductivity measurements are performed on HDPE filled with AI2O3 
particles up to a volumetric fraction of 26%, at 15°C. The results are plotted 
in Fig.2 and are compared to calculated values from Maxwell, Cheng & 
Vachon, Lewis & Nielsen, Agari & Uno, geometric mean models. Geometric 
mean and Agari & Uno models predict quite well the thermal conductivities 
of the composite in the whole range. In Agari & Uno model the values of the 
coefficients are calculated as Cj=1.013 and €^=1.021. 

4. THERMAL CONDUCTIVITY OF POLYMER 
NANOCOMPOSITES 

The existing understanding of the effective thermal conductivity of 
composites and mixtures is derived from continuum-level phenomenological 
formulations that typically incorporate only the particle shape and volume 
fraction as variables and assume diffu-sive heat transport in both phases; no 
effects of interfaces or particle mobility are taken into account. This approach, 
while providing a good description of systems with micro-meter or larger-size 
particles, fails to describe thermal transport in nanocomposites. Interfaces 
between materials become increasingly important on small length scales. The 
thermal conductance (G) of many solid-solid interfaces have been studied 
experiment-tally but the range of observed interface properties is much 
smaller than predicted by simple theory. Classical molecular dynamics 
simulations are emerging as a powerful tool for calculations of thermal 
conductance and phonon scattering, and may provide for a lively interplay of 
experiment and theory in the near future. 

For sufficiently small particles, the properties of the 
polymer/nanoparticle interface also control thermal transport in the 
composite. Interface effects in thermal transport can be captured by effective 
medium models if the introduction of particle fillers does not significantly 
alter the thermal conductivity of the matrix material. Since local vibrations 
of the atoms and molecules dominate heat transport in an amorphous 
polymer, this assumption should be well satisfied in a PMMA composite. In 
the limit of a low volume fraction (j) of high thermal conductivity spherical 
particles, the thermal conductivity of the composite k^ is [1]: 
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( 8 ) 



kc-k„=30k 



Zil 

r-2 




Fig. 2. Normalized changes in thermal conductivity of the composite as a function of normalized thermal 
conductance of the nanoparticle interface 



where, km is the thermal conductivity of the matrix and y = r.G/ kn,; r is the 
radius of the particle and G is the thermal conductance per unit area of the 
particle/marix interface. This equation is plotted in Fig. 2. A critical 
particle radius is defined as rc = km/G; the thermal conductivity of the 
composite is increased by particles of size r >rc and decreased for r<rc . The 
changes in conductivity are a relatively weak function of (rG), but the 
thermal conductivity is sensitive to G over a wide range of particle sizes 
0.3<r/rc<8. Fig.3. shows experimental resuts by Putman et al. [1] of 
normalized difference in the thermal conductivity (kc-km)/km of nano and 
miro-scales AI2O3 particles in PMMA matrices. In this figure the small 
differences in conductivity with respect to pure PMMA are highlighted.The 
conductivity is slightly decreased by the particles fillers at T < 100 K and 
modestly increased at T > 150 K. The anomalous increases in conductivity 
that have been reported recently for nanoparticles in fluids[9] is not observed 
in this case. As for the pm-sized AI2O3 particles filled composite, the constant 
slight increase in normalized thermal conductivity is roughly in agreement wit 
Eq.8 for the limit of large r or large thermal conductance G 



Fig.3. Normalized changes of the 
measured thermal conductivity of 
AI2O3 particles filled PMMA 
composites. 



30 100 400 
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Abstract: Fluorescence quenching behaviour of hyperbranched polymer film 
to various aromatic nitro-compounds is presented. The quenching efficiency 
of 1% and 1 ppm polymer solution in ethanol is 80% and 40%, respectively, 
for the nitro aromatic compounds. It has been established that aromatic 
structure and numbers of nitro groups have almost no effect on the quenching 
properties. The quenching is concentration dependent. The quenching for the 
vapour of nitro compounds is fast and related to the vapour pressure. The 
quenching mechanism was attributed to the strong electron-withdrawing 
property of the nitro groups. Presence of an electron-donating group showed 
fluorescence enhancement to hyperbranched polymer. Molecular simulation 
of the polymer structure has shown that the hyperbranched conjugated 
polymer has a well-developed network structure, with cavities being large 
enough for the nitro aromatic molecule to penetrate and interact with the 
polymer linkage. 

Keywords: hyperbranched conjugated polymer, fluorescent quenching, nitro- 
aromatic compounds, chemical sensor. 



1. INTRODUCTION 

Recently, accurate and rapid detection of the trace amounts of nitro- 
compounds in the environment has attracted considerable attention because of 
its potential applications in exploring the 2,4,6, trinitro toluene (TNT) or 
picric acid, often occurring in explosives. The sensor device is based on the 
fact that the nitro-compounds quench the florescence of luminescent materials 
due to the strong electron-withdrawing nature of nitro-groups. The sensor 
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material includes highly luminescent conjugated polymers and polymer 
nanowires [1,2]. 

Porosity of the structure in the solid state and strong interaction with the 
analysed molecules are very important for developing the highly efficient 
sensor materials. To improve the absorption ability, large steric substituents 
were introduced to the side-chain of linear polymers material [3,4]. In 
addition, the substituents that have special affinity to the nitro compounds 
were introduced into the polymer to “amplify” the sensor signal [5,6]. 

A hyperbranched polymer shows a considerably different structure from a 
linear polymer. The numbers of branches increases in every repeated unit and 
exhibits a three dimensional network structure, irrespective of existence of 
large steric substituents in the side chain. In our former research, we have 
reported the synthesis, photophysical properties and electroluminescent 
applications of the hyperbranched conjugated polymers. Those materials 
showed a high fluorescence quantum yield and a network structure, which 
stimulated us for the further investigation of their potential applications as 
chemical sensors. 

In this report, the fluorescent quench properties of the hyperbranched 
poly(p-phenyl vinylene) (PPV) in various nitro-compounds are presented. 

2. EXPERIMENTAL 

All the compounds were reagent grade and used as received. The organic solvent was 
dried according to the standard dehydrating methods before use. The 
hyperbranched polymer was synthesized in the Centre for Molecule Science, 
The Chinese Academic of Sciences, China, according to our former method [7] 
and the polymer structure was characterized by NMR and GPC. 

The polymer films were fabricated on glass slides by spin-coating method. 
The concentration of the hyperbranched polymer was about 1 mg/ml in 
chloroform. UV-VIS absorption and fluorescence spectra were measured on a 
HITACHI U-3010 spectrophotometer and a fluorescence spectrophotometer, 
respectively. 

The fluorescent quenching properties of the film device in solution was 
determined by immersing the device into the ethanol containing the analysed 
compound for a period of time followed by drying in nitrogen atmosphere for 
1 minute. The film fluorescence spectra before and after immersing into the 
ethanol were recorded and the quenching efficiency T] was calculated by the 
following formula: 



V = 




xl00% 



(I) 



Where, /» and / are the emission intensities of the device at the same emission 
wavelength, before and after the quenching treatment, respectively. 
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The fluorescence quenching by the nitro compound vapour were obtained 
by inserting the device into a sealed glass bottle (200 ml size) that contained 
solid nitro compound. A cotton gauze was used to prevent the direct contact 
of the polymer film with the nitro compound and maintain a constant vapour 
pressure. After a period of exposure, the film was taken out and the 
fluorescence spectrum was recorded immediately. The quenching efficiency 
was calculated using equation (1). 

3. RESULTS AND DISCUSSION 

3.1. Photo physical properties of hyperbranched polymer 

The structure of hyperbranched PPV (HPl) is shown in Figure 1. The 
polymer contains a phenyl vinylene unit, which is similar as in the linear 
poly(p-phenyl vinylene)(PPV). In contrast to the linear PPV, the HPl had a 
1,3,5-trivinly phenyl moiety in every repeated unit that led the polymer 
increase its linkage in the hyperbranched way and produce many terminal 
groups. In this report, HPl was used with 4-tert-Butyl phenyl vinyl as 

terminal groups. 

The UV-visible absorption of HPi in CH 2 CI 2 
shows maxima at 323 and 405nm, with a 
molar absorption coefficient in the order of 
10 "^. Upon UV excitation, polymer solution 
exhibited intense fluorescence with the 
maxima at 457 and 480nm. The large Stokes 
shift (57nm) suggests that a structural 
relaxation occurs in the singlet excited states. 

Upon exciting at 340nm, the fluorescence 
quantum yield was measured as 95% by the 
relative method using the 1,6-diphenyl- 

1,3,5-hexatriene as standard (cp=80%) [6]. 

By spin coating, an optically transparent 
film was obtained. No crystallization 
appeared even when the film was exposed to 
air for a long time. The film shows 
absorption maxima at 313 and 392 nm and 
an emission maximum at 502nm, about 20 
nm red-shifted with respect to the solution 
state. The small difference in emission 
spectra between the solution and solid film 
states indicated a weak inter-chain interaction 
in the solid film. 




Figure 1. 
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Figure 2. UV- VIS and fluorescence spectra of HP in dichloromethane (solid line) and solid film state 
(dotted line). 



3.2. Solution State Fluorescence Quenching 



Ten different aromatic compounds were investigated and their structures are 
listed in Table 1. 




TNB 

3.2 10-6 mmHg 
25”C 





P- 

dimethoxy 

benzene 




NB 


DMB 


NT 


0.27mmHg 25 


O.OSmmHg 


O.lmmHg 20 °C 


°C 


25 °C 





o 




o 



anthraquinone 



AQ 

l.SmmHg 200 °C 




463 




m-dinitrobenzene 


NO2 


NO2 


0 


fcl 




2,4dinitrofluoro 


p- 

chloronitro 


1 ,4-benzoquinone 


p-dichlorobenzene 




benzene 


benzene 






mDNB 


DNFB 


CNB 


BQ 


DCIB 


Less than ImmHg 
20 ”C 


0.75 mmHg 20 
T 


0.09mmHg 
25 °C 


O.SmniHg 25 °C 


lOmmHg 54.8 °C 



Because HPl is not soluble in ethanol, the ethanol solutions of the 
quenchers were used in the quenching test. The change in quenching 
efficiency with the concentration of NB can be seen in Figure 3. 
Concentration dependence was observed with the efficiency decreasing from 
75% to 40% as the concentration changed from 1% to Ippm. As the 
fluorescence quenching involves an electron transfer between the NB and the 
polymer, NB molecules should penetrate into the FIPl film and reach 
luminescent centres. The diffusing speed of the quencher was determined by 
its concentration and affinity to the polymer. 




Figure 3. Quenching efficiency versus NB concentration 



When immersed into the NB solution for 5 minutes, the quenching 
efficiency of the FIPl film reached to 35% (Figure 4). Longer period of 
immersion, even as long as 1 hour, did not cause a large increase on the 
quenching efficiency. So the diffusion of NB molecule from ethanol solution 
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to HPl film is less time dependent, which indicated that the HPl film had 
high penetrability. 




Figure 4. Quenching efficiency versus quenching time 

Different quencher molecules were used to interact with the HPl film. The 
quenching efficiencies of the 1% of nitro compound solutions were around 
80% (Figure 5). The aromatic structure had less effect on the quenching 
efficiency, which suggests that aromatic structure had a minor effect on the 
diffusion of the nitro compounds to the polymer film. In addition, aromatic 
compounds with two or three nitro groups showed similar quenching 
efficiency to the compounds with a single nitro group in the molecule, as the 
space structure might allow only one nitro group of the molecule to have 
quenching interaction with HPl polymer. 



[SlE 



I quenching in 1% sampie compound soiution 
] quenching in 1 ppm sampie compound soiution 



B NT DNFB BQ AQ mDNB TNB DCIB CNB NB 
1% 2min 1ppm 5min 



Figure 5. Fluorescence quenching yield of different nitro compounds 
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Quinone was found to quench the fluorescence of HPl film and revealed a 
similar quenching efficiency to the nitro compounds. As both the quinone and 
nitro group are strong electron withdrawing groups, the similarity in 
fluorescence quenching behaviour suggested strong electronic interaction 
between the electron-withdrawing groups and the optically excited HPl 
molecule. A photo induced electron transport occurred between the excited 
polymer and the grounded quencher molecule [5,6]. In order to confirm the 
electronic interaction, an electron-donating compound, p-dimethoxyl benzene 
was used in the quenching test. The fluorescence determination revealed that 
the emission intensity increased after the same quenching treatment. A similar 
result was reported for the linear conjugated polymers, which was attributed 
to electron-donating interaction of the DMB molecule [8]. The solvent effect 
was excluded by using a pure ethanol to interact with the HPl film. 

The quenching efficiencies in Ippm solution showed lower quencher 
efficiency, around 40%, when compared with the 1% solutions (Figure 5). 

3.3 Gas fluorescence quenching 

Figure 4 shows the quenching efficiency of HPl film in mDNB vapour. 
The quenching efficiency increased as the exposing time of HPl film in the 
vapour. The quenching efficiency after a one minute exposure to vapour was 
40%, which is very close to the result in the Ippm solution. After five minutes, 
the quenching efficiency reached 90%, which corresponded to the HPl film in 
1% solution. The similar quenching efficiency values suggested that similar 
quantities of quencher molecules interacted with the HPl. So the HPl film 
was capable to detect ppm concentration of mDNB vapour in a very short 
time. 




Figure 6. Quenching efficiency versus the exposure time of HPl film in the mDNB vapour. 
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The fluorescence quenching efficiencies in other quencher vapours were 
shown Figure 7. Due to the different vapour pressures, these compounds had 
different concentrations in air, which led to the different diffusion speeds. In 
the same exposure time, 5 minutes, the quenching efficiencies of DNFB, 
mDNB, NB, CNB, BQ reached to 90%, which were higher than results 
obtained in 1% solution. The quenching efficiency was 70% for NT and 60% 
for TNB and DCIB. In contrast, the AQ showed low quenching efficiency of 
20%. The quench behaviour in the vapours seems relate to the vapour 
pressure of the quencher compounds. Similar to the result in the solution state, 
HPl film showed a fluorescence enhancement in the DMB vapour. 




Figure 7. Fluorescence quenching efficiency of the HPl film in various compounds vapours for 5 minutes. 



In order to understand the structural characteristics of the HPl, the geometry of 
the HPl was simulated by using the molecular machine method (MMX). Due to 
the macromolecular nature and the limit of the software, only a model molecule 
was simulated and the optimised geometry is shown in Fig 8. A high network 
structure was formed as the main chains increase. Many cavities are formed in the 
polymer molecule due to the rigid nature of the conjugated main chains. The 
diameter of the cavity is ~2 nanometres. The quencher molecules were also 
simulated in the same way and the structure and dimensions of the molecules are 
shown in Fig. 9. The largest size in molecules is about 1 nm. The cavity size in 
the polymer molecule is large enough for the quencher molecule to penetrate, 
rotate and approach the main chain of the polymer and interact with the emission 
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4. CONCLUSION 

The fluorescence quenching behaviour of the hyperbranched conjugated 
polymer to various nitro aromatic compounds has been investigated. The 
polymer film in the quencher solution shows high quenching efficiency and 
the efficiency is concentration dependent. The number of nitro groups in the 
quencher molecule had a minor effect on the quenching efficiency. The 
quenching behaviour to vapour was slightly different from that to solution. 
This may be attributed to the vapour pressure of the compounds. 

MMX molecular simulation has confirmed that the hyperbranched 
conjugated polymer had a high network structure due to the highly branched 
main chain structure. The cavity size is about 2 nm, which is large enough for 
the quencher molecules to penetrate and interact with the polymer. These 
results indicate potential in the design of new and highly efficient chemical 
sensors for monitoring the environmental pollutants and security purposes. 
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Abstract: We briefly review the recent advances of nanotechnology in the 
field of photonics. Alternative materials are being developed, such as 
semiconductor quantum dots integrable on GaAs, and optically-active organic 
molecules, which should allow easier and cheaper fabrication of more 
efficient devices on plastic substrates. The basic physical principles and the 
main technological issues of these devices are discussed in view of their 
application to telecom and optical networks and illumination technology. 



1. INTRODUCTION 

The increasing demand for faster and cheaper telecommunication devices 
can hardly be satisfied by the conventional integration methods and by the 
standard optical materials. III-V InP based semiconductors have clearly 
shown their main limitations due to the expensive processing and fabrication 
steps when fast and sophisticated devices have to be built. One the other 
hand, sub 100 nm fabrication technologies become very critical and 
expensive, regardless of the specific technique adopted for the patterning. 
Therefore highly integrated, fast and low consumption optical devices need 
new concepts and new materials to flillfil the technology requirements. 

In Fig.l we exemplify the exponential rise of the datacom bit-rate 
required by the massive use of internet in the last years, as opposed to the 
almost constant rate of the conventional voice traffic rate (telephone). In 
order to guarantee bit rates in the THz range, and to keep the power 
dissipation as low as possible meanwhile keeping the efficiency and the cost 
effectivness at the best level, further miniaturization and integration of 
optical components is necessary. Fig.2 shows qualitatively that all the known 
lithographic methodologies are expected to reach the resolution limit of about 
60 nm in a few years (primarily for the physical-chemical limitations of the 
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photoresists), while keeping an ever increasing cost which makes their cost- 
effectiveness less and less convenient. 




Fig. 1 Worldwide network demand for datacom and voice traffic over the years. 




YEAR 

Fig.2 Trend of the lithographies expected for the next years. “UV” indicates the ultraviolet optical 
lithographies (the number is the optical wavelength), "X-rays” refers to proximity X-ray lithography, 
"electron” and "ion” beam indicate the usual electron and ion beam induced patterning, whereas "print” 
includes all the uresentlv available soft lithoeraohies. contact lithoerauhies and hot embossing methods. 
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In view of these problems, it is therefore necessary to envisage new 
solutions and new materials which may outperform the existing photonic 
technologies concomitantly reducing the fabrication costs. The basic 
structure of a photonic network consists of a laser source, a modulator and a 
receiver. Normally the laser and the detector share a similar structure, namely 
a p-i-n structure, which is used to generate light under direct bias, and to 
detect light under reverse bias. The modulator is normally a non linear 
system, which can either be integrated or external to the laser source. 

In this work we focus our attention on the light sources. In particular we 
will discuss new III-V lasers integrable on GaAs substrates, new molecular 
light emitters and a few architectures capable of efficiently confine and drive 
the light in the device. 

2. THE QUANTUM DOT LASER 



The main requirement of future telecom technologies is to have lasers with 
reduced threshold, high critical temperature To (threshold weakly dependent 
on the device temperature), wide tunability, large gain and no Peltier cooler. 
This means to move towards devices which are integrated on GaAs instead of 
InP. The InP substrates are more expensive and difficult to process (as 

compared to GaAs) and can 
hardly be made larger than 4 
inches. InGaAs quantum dots 
(QD) can be fabricated directly 
on GaAs substrates by means of 
Stransky-Krastanov epitaxy 
(either MOCVD or MBE) , 
exploiting the strain-induced self 
assembling of the nanocrystal. 
The sharp, zero-dimensional- 
like , density of states of QDs 





results in a low lasing threshold 
, It, and a high To, and therefore 
permits to avoid the cooling 
stage in the device. 

Fig 3 (bottom) shows the high 
resolution TEM cross section of 
a quantum dot grown by 
MOCVD. A clear lateral 



Fig.3 (bottom) High resolution TEM cross section of a 
InGaAs single dot in a GaAs matrix. The bright spots 
represent the diffraction sites of the individual atoms 
constituting the dot. (top) Vertically stacked quantum 
dots used as active layers of a QD laser 



faceting can be seen, resulting in 
the characteristic truncated 
pyramid shape [1]. The AFM 
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thopography of a single dot, and of a grand ensamble of QD are shown in 
Fig4. 

In order to have large optical gain the density of QD has to be large, 
possibly in the lO" cm'^ range. However, vertical stacking of several layers is 
often used to increase the volume density of dots (Fig. 3, top). The number of 
layers to be stacked, the quality of the dots and their reproducible shape and 
size depend critically on the growth and on the overall strain in the active 
layer. 

The electronic states in the dots behave just like the electonic states in the 
atom. The three-dimensional confinement induced by the surrounding host 
matrix (typically GaAs) on the carriers in the QD (typically InGaAs) results 
in a set of confined states from which radiative recombination occurs. The 
ground level of the dot is ultimately set by the size, composition and shape of 
the nanocrystal, and can be tuned in the range 900 - 1500 nm, of interest for 




Fig.4 (top) AFM topography of a single quantum dot and its cross section (bottom) AFM 
topography of a grand ensamble of quantum dots (the density is of the order of lO’" cm'^^ . 
The small circles indicate the occurrence of small dots, large dots and laterally coupled dots, 
resulting in a polydispersed size distribution over a length scale of half a micron ( large 
circle). 
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photonic applications. 

The typical structure of a QD laser grown by MBE [2] is shown in Fig. 5, 
together with the room temperature lasing spectra [2,6]. In this specific 
example the laser operates around 1.3 micron at room temperature, which is 
particularly appealing for telecom applications and to replace the 
conventional InP -based technologies. A threshold as low as 45 Acm'^ per 
layer of Dots is achieved in this device. Fig.b.shows the trend of the lasing 
threshold over the last decades, clearly showing how the reduced 
dimensionality, i.e. the reduction of the density of state dispersion in the 
energy space, has led to a remarkable decrease of the threshold. Needless to 
say, these principle studies, though promising, do not necessarily imply that 
QD technologies may be realistically exploitable, as many other issues such 
as cost effectivness, packaging, reliability , reproducibility etc. have to be 
taken into account before a technology transfer towards mass production is 
done [3-6] 




1100 1150 1200 1250 1300 1350 1400 



Wavelength (nm) 



Fig. 5 Lasing spectrum of a QD laser device below and above threshold. The 
scheme shows the layer sequence of the device, fabricated at EPFL-Lausanne 
bCH). See reU2l. 
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Contact 




p-doped AlGaAs 



p-doped GaAs 



n-doped GaAs 



n-doped AlGaAs 



p-type GaAs 



QD active layer 
(InxGai.xAs QDs 
embedded in a thin 
InyGai.yAs layer, 
typically x=0.5, 
y=0.10) 



n-doped GaAs substrate 




Extension of the QD laser technology to other material systems could be 
even more promising for other wavelength regions where sufficiently 
convenient materials do not exists, such as the GaSb based QD systems to 
replace quantum cascade lasers, and GaN based QD systems for fully 
tunable visible light emitters. 




Fig. 6 Trend of lasers threshold over the last decades. 
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3. ORGANIC MOLECULAR LEDS 

Another important field of nanotechnology applied to photonics regards 
the use of organic molecules to fabricate lasers and LEDs. The basic target 
is to get fully plastic, flexible devices, exploiting optically-active molecules 
deposited on glass or plastic substrates by means of very cheap techniques 
such as spin coating or evaporation. The molecules behave qualitatively like 
a semiconductor. The optical transitions occur between the highest occupied 
molecular orbital (HOMO, equivalent to the valence band) and the lowest 
unoccupied molecular orbital (LUMO, equivalent to the conduction band). 
The variation of the HOMO-LUMO gap of the molecules is obtained by 
chemical functionalisation, such as grasping different functional groups to the 
molecule, or by changing the length of the molecule, i.e.by varying the 
orbital delocalisation along the molecule backbone. This results in a wide 
tunability , covering the entire range from the blue to the near infrared [7]. In 
addition, the solubility of most molecules and the possibility to blend them 
allows one to create composite colors thus covering the entire chromaticity 
diagram, including white light generation [8]. This opens up important 
applications even in the field of the illumination technology. The LED 
fabrication is quite simple, as it requires a glass or a plastic substrate onto 
which a hole injector contact is deposited (normally ITO), followed by the 
molecular layer, deposited by evaporation or spin coating, and by the electron 
injector contact (nromally a metal whose electron affinity is suitably chosen 
to inject electrons in the molecular LUMO). The device is then encapsulated 
by an epoxy resin, to prevent oxidation and degradation of the molecular 
layer (see left image in Fig.7). Various technologies are being explored 
worldwide for multicolor LEDs fabrication, with different advantages and 
drawbacks, including Foerster transfer in blends [9], blends of different 
molecules [8,10] and multilayered microcavities [11]. Fig.7 shows the fine 
tuning of the organic LEDs achieved by blending different molecules in the 
active layer of the device [8]. The position of the color coordinates on the 
International Chromaticity Diagram (CIE) clarifies the potential impact of 
these technologies. 
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Fig. 7 Photographs of three different LEDs emitting pink, white and yellowish light (in clockwise 
sequence), fabricated by blending different organic compounds. The optical spectra show the 
spectral components of the molecules constituting the blends. The white emission originates from a 
combination of green (around 500 nm) and red (600-700 nm) emission bands with dominant green 
component. The pink spectrum has similar components but of inverse relative intensity. The three 
colours correspond to the chromaticity coordinates indicated on the CIE diagram, and can be easily 
tuned by varying the relative concentration of the molecules constituting the blend. The device is 
shown in the left picture (See ref 8). 



The final emission wavelength of the blend is found to depend on the energy 
separation between the HOMO-LUMO gap of the constituting oligomers: 
namely, it is influenced primarily by the Foerster transfer occurring between 
the high energy and the low energy components of the blend when the 
energy separation is below 0.6 eV, whereas it follows the efficiency ratio of 
the constituents for energy differences exceeding 0.6 eV. The blend of 
properly functionalised molecules [8] thus provides a wide tunability across 
the entire visible range, high quantum efficiency, up to 65 % , due to the 
reduction of the non-radiative processes in the functionalized molecules 
induced by the supramolecular organization in the solid state, and a marked 
increase of the electron affinity. 








All 



4. ORGANIC MOLECULAR LASERS 

Concerning molecular lasers, since the demonstration of optically pumped 
lasing from a PPV layer incorporated in an optical microcavity [12], great 
attention has been paid to the research of good active materials for solid state 
organic lasers. This has led to the demonstration of optical gain in different 
conjugated materials [13-20] and of optically pumped lasers built using many 
different cavity geometry [21-28]. Most of the effort worldwide is devoted to 
the identification and to the synthesis of new molecular materials combining 
high emission efficiency, easy processability (eg. solubility and good film 
forming properties), good stability (low oxidation and long lifetime) and 
strong optical gain. The latter is a primary requisite to achieve light 
amplification and lasing in such materials. Besides some polymers, recently a 
new class of modified short oligomers has been demonstrated to match the 
previous requirements, namely the soluble thiophene-S,S-dioxide compounds 
[7]. In Fig.8 we show a quinque-thiophene-S,S -dioxide (T5oA, constituted 
by a sequence of 5 aromatic rings) having high PL efficiency (>50%) and 
good chemical stability. The study of this compound was performed in films 
of thickness around 375 nm, prepared by spin coating from a chloroform 
solution on a Coming glass substrate [29]. The optical gain capability of the 




Wavelength (nm) 

Fig.8 Time resolved pump and probe transmission spectra of a T5oA film at room 
temperature. The inset shows the thiophene molecule. 

film is probed by pump and probe experiments, in which the transmission of 
the sample is probed at different delays from the intense excitation pulses 
provided by the pump beam. Fig.8 displays the differential transmission 
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AT/T, obtained by subtracting the pump-on and the pump-off transmission 
spectra, at different time delays. The pump pulse energy density was 920 
pJcm'^. Two main features can be distinguished in the spectra: 

1. The differential transmission spectrum exhibits two positive features 
at different wavelengths. 

The high energy one, in the range 410-500 nm, falls in the spectral region of 
the singlet So^Si absorption resonance, and it is attributed to absorption 
bleaching. The low energy one, in the range 550-650 nm, is spectrally 
overlapped with the T5oA emission, and is then attributed to Stimulated 
Emission (gain). A spectrum taken at negative time delay between the pump 
and the probe was collected to measure the positive signal due to PL, which 
was then subtracted from all the spectra. 

The gain cross section Og is estimated by the relation: 

^ AT^ 1 

( 1 ) 



o 



g 



Jm 



Nd 



Where (AT/T)m is the maximum value of the differential transmission in the 
gain region, N is the density of photoexcited states involved in the transition, 
and d is the sample thickness. The obtained value was ag=4*10'^* cm"^ at 
A,=600 nm. In the calculations it is assumed that N coincides with the number 
of absorbed photons per unit volume, i.e. unity quantum efficiency for the 
emitting species. Such an approximation is not necessarily valid for 
condensed phase thiophenes, so that the obtained value underestimates the 
actual value. 

2. AT is negative, due to photoinduced absorption (PA), in the range 
500-550 nm and 650-750 

nm. The spectral range of the absorption, together with a time evolution 
similar to that of the SE, indicates that this absorption is probably due to the 
Si^Sn transitions. The temporal dynamics of the gain at different excitation 
densities measured with the probe wavelength set at 610 nm indicates a 
shortening of the gain decay time from 87 ps to 16 ps as the pump density 
varies from 450 pj cm'^ to 1.95 mJ cm'^. For excitation density of 3.10 mJ cm" 
^ the sample shows photodegradation. This imposes an upper limit the actual 
power dissipation of any device based on such molecules. 

The optical gain spectrum is measured by collecting the fluorescence as a 
function of the length of the excited region. The excited spot has the form of a 
stripe and it is formed. ie 

14 

12 

- r -- 10 
E 

Fig. 9. Optical gain spectrum of the ® 

T5oX molecular film measured at room g, ® 

temperature 

2 
0 

550 600 650 700 750 

Wavelength (nm) 






479 



by a cylindrical lens focusing the laser onto the sample surface spatially 
filtered by a variable slit to change the stripe length. The typical gain 
spectrum measured at room temperature under excitation density of about 
1.53 mJ cm'^ is shown in Fig. 9. The maximum value of the gain is 14.5 cm’' 
at ^=616 nm, while the linewidth of the gain resonance is about 20 nm. The 
measured gain is the largest ever reported for short oligomers, and among the 
largest for any molecular compounds, clearly indicating the great potentiality 
of these organic molecules [29]. 

Due to the excellent plastic properties of the molecular film, the 
active materials can be patterned by inprint lithography to realize a 
quarter/wavelength grating directly onto the laser active material (See. left 
scheme in Fig. 10). This was used to realize the first plastic Distributed 
Feedback Laser (DFB) shown in Fig. 10 [30]. The optical spectrum under 
optical excitation shows a sharp and narrow single-mode lasing line, 
emerging in the low energy wing of the spontaneous emission band of the 
molecular layer, at a wavelength set by the grating periodicity. 




w 

Fig. 10 SEM image of the patterned 
molecular layer and single mode 
spectrum of the DFB laser. The inset 
shows the far field spot of the laser. 
The scheme of the DFB laser is 
displayed on the left. 



5. CONCLUSIONS 





Nanotechnology has recently enabled the fabrication of novel 
photonic devices of great potentiality. The control of the self- 
organisation of semiconductors at nanoscale, as well as the molecular 
engineering in combination with alternative patterning techniques, such 
as soft lithography on plastic materials, are very promising for the next 
generation of cheap and efficient devices to be used in optical 
networks. This work was partially supported by fNFM and MIUR. The 
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Abstract: The contribution presents the method of preparation and the 
detailed characterization of the structural and magnetic properties of nano- 
scale magnetite particles playing a major role in determining the observed 
magnetic properties. Aqueous suspensions of magnetic particles were 
prepared by co-precipitation of Fe(III) and Fe(II) in the presence of 
NFl40Ft. Heavy metal ions adsorption from single metal aqueous solutions 
was investigated in batch adsorption - equilibrium experiments. Magnetic 
particles were used in the adsorption of selected bivalent heavy metal ions, 
i.e. Cu(II), Cd(II) and Pb(II) from aqueous media containing different 
amounts of these ions (20-400 mg.L'*) and at different pH values 2. 0-8.0 at 
sorbent concentration 2 g.L‘‘. The model solutions of Cu(N03)2, Cd(N03)2, 
Pb(N03)2 were used to realize the adsorption tests. 

1. INTRODUCTION 

Heavy metals have become an ecotoxicological hazard of prime 
interest owing to their tendency to accumulate in living organisms. The 
necessity to reduce the amount of heavy metal ions in wastewater streams 
from hydrometallurgical and other industries, and subsequent possible re- 
use of these metal ions, has led to an increasing interest in selective 
sorbents. The mobility and bio-availability of aqueous metal cations in 
soils and sediments is often controlled by sorption onto iron oxides. A 
molecular understanding how to sorb the metals onto mineral surfaces is 
needed before we can reliably model equilibria from sorption isotherm 
measurements. Sorption of ions onto mineral surfaces may occur via outer- 
sphere complexes, inner-sphere complexes, surface precipitates or via ion 
exchange [1]. 

Recently, there has been increased interest in the use of magnetic 
carriers in the removal of heavy metals. Magnetic carriers can be produced 
using inorganic materials or a number of synthetic and natural polymers 
[2]. Iron oxides are common in the environment, occurring either naturally 
or as results of human activities. The most common Fe(III)- hydroxides, - 
oxides and oxyhydroxides include ferrihydride (FesH08.4H20, but often 
written as Fe(OH)3) which transforms to hematite (alpha- Fe203) and/or 
goethite (alpha-FeOOH), depending on solution composition, temperature 
and pH. So called “Green rust” are Fe(II, III)-hydroxy salts, which contain 
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anions such as COs^', SO/‘ or Cl" in the interlayers. Depending on the 
composition of the solid and solution, oxidation can transform the green 
rust to lepidocrocite (gamma-FeOOH) or magnetite (Fe(II)Fe(III)204) [3]. 
Magnetite crystal habits are typically octahedrons but rarely 
rhombododecahedrons and other isometric forms, most commonly found 
massive or granular. Twinning of octahedrons into spinel law twins is 
observed occasionally. 

In the references [4-7], numbers of experimental as well as modelling 
studies have been reported on the adsorption of cations, particularly heavy 
metal ions on to pure soil component such as oxides and clay minerals at 
different values of pH, metal ion, S/L ratio and temperature. These studies 
in general show that the adsorption of cations favored at higher pH and the 
maximum enhancement in adsorption occurs over a narrow region of 1 -2 
pH units. Langmuir as well as Freundlich adsorption isotherms have been 
used to describe the equilibrium. 

In this work, magnetic nano-scale particles have been used for batch 
adsorption studies of contaminants from aqueous model solutions. 

2. EXPERIMENTAL 

2.1. Materials and Methods 

All chemicals were used of analytical grade. Deionized water was used 
throughout the experiments. 

The pure iron oxide was directly prepared under identical reaction 
conditions by co-precipitation of Fe(III) and Fe(II) in the presence of 
NH4OH. The following method of preparation is similar to those described 
in Refs. [3, 8]. A solution of mixture of Fe(III) and Fe(II) ions in equal 
molar ratio was prepared from FeCl3.6H20 and FeS04.7H20. An equal 
volume of IM aqueous ammonia solution was then added dropwise to the 
iron mixture to maintain the pH at 11.5. The suspension was finally 
decantated using deionized water to approximately pH 6.5 and centrifuged 
to remove the solid material. The clear sample was then collected for 
further analysis. 

Scanning electron micrographs were obtained using a Tesla BS 340 
scanning electron microscope (SEM) equipped with a Link ISIS 300 EDS. 
The specific surface area was determined by the low temperature nitrogen 
adsorption method using a GEMINI 2360 apparatus. 

Zeta potential measurements were conducted on a microelectrophoretic 
zeta potential analyzer (Apparatus Mark II, Rank Brothers). 25 ml of metal 
solutions containing 100 mg.L * of selected cations with 2 g.L"' of 
magnetite were shaken for 24 h, over a range of pH values (2-9) and then 
the zeta potential of the particles was measured. 

Salts used in the preparation of model contaminant aqueous solutions 
are Pb(N03)2, Cd(N03)2.4H20, Cu(N03)2 .3H 2O, obtained from the 
Merck. 

All the adsorption experiments were conducted at ambient temperature in a 
rotary shaker (about 20°C). Initial total metal ion concentration range was 
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20-400 mg.L"'. The sorbent concentration was 2 g.L"’. The quantity of 
heavy metal ions in solutions were determined both before the introduction 
of sorbent and after the reaction with the metals in solution by flame 
atomic absorption spectroscopy Varian Spectr AA-30 spectrometer. All 
experiments were carried out in constant ionic strength (0.0 IM NaNOs). 
The solutions pH was adjusted before starting the adsorption experiments 
with suitable concentrations of NaOH and HNO3. 

2.2. Results and Discussions 

Figure 1 presents SEM image of magnetic nano-scale preparation 
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Figure 1: SEM image of magnetite Figure 2: The energy dispersive X-ray 
particles spectroscopy (EDS) spectrum of synthetic 

magnetite 



It shows evidence of cluster aggregates. The original magnetite particles 
attain of 10-40 nm. Due to agglomeration during the air-drying real grain 
size ranges from 20-900 nm. BET surface area was below 3.8 m^.g '. 

It is well known that heavy metal ions hydrolyse in water solutions and 
precipitate as insoluble hydroxides at appropriate pH values. It is very 
difficult to determine what amount is removed by sorption and what is 
abstracted from the solution due to precipitation. In order to choose a 
suitable pH value for studying the metal ions adsorption on synthetic 
magnetite the thermodynamic equilibrium diagram of each cation for a 
total concentration of 100 mg.L"' and a constant ionic strength (0.01 M 
NaNOj) has been constmcted with the computer program Mineql Plus, see 
Figure 3-5. 
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Figure 3: Thermodynamic equilibrium Figure 4'. Thermodynamic equilibrium 

diagram of cadmium diagram of copper 




Figure 5: Thermodynamic equilibrium 
diagram of lead 



Figure 3 shows that for these 
conditions cadmium remains 
soluble up to pH value of about 

8.4 where it starts to precipitate as 
insoluble Cd(OH) 2 . At pH 9.1 
more then 90% of cadmium has 
been precipitated. Similarly, the 
Figure 4 shows the images of 
copper forms in all pH range. It is 
observed that copper remains 
soluble up to pH value of about 

5.4 where it is starts to precipitate 
as insoluble Cu(OH) 2 . 



Figure 5 shows that lead remains soluble up to pH value of about 5.7 
where it starts to precipitate as insoluble Pb(OH) 2 . At pH 6 more then 60% 
of lead has been precipitated. In this study a nano-scale magnetite prepared 
synthetically was used to remove heavy metal ions from aqueous model 
solutions using batch adsorption procedure. Sorption isotherms constmcted 
and the experimental results were modelled by Langmuir-type equations 
(Figure 6). 
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Adsorption isotherms 




Figure 6\ Pb, Cu and Cd uptake by synthetic 
magnetite modelled by Langmuir-type 
equatation. 



Figure 6 presents adsorption 
isotherms (equilibrium con- 
centration versus uptake). 
The synthetic magnetite 
(SM) was found to be a 
good lead sorbent with 
sorption capacity of ca. 54 
mg Pb/g in solution of 
constant ionic strength 
(O.OIM NaNOs) at pH 4.5. 
Otherwise, synthetic mag- 
netite showed lower sorption 
capacity for copper. There 
was only about 15 mg Cu/g 
of sorbent. 



In the case of cadmium removal, two-stage metal uptake was observed. 
The first one at lower cadmium initial concentration with a capacity of ca. 
29 mg Cd/g of sorbent and the second one at higher cadmium initial 
concentration with a capacity of 65 mg.g ' of sorbent. It follows, that the 
sorbent surface is heterogeneous with two different types of active sites. 
Finally, the zeta potential of synthetic magnetite in the absence and 
presence of mentioned cations has been measured. The effect of pH on 
zeta potential of synthetic nano-scale magnetite is shown in Figure 7. 




Figure 7: Effect of pH on the zeta potential of magnetite 
in the absence and presence (100 mg.L"’) of 
selected cations. 



From the zeta potential 
measurement results it is 
observed, that the point of 
zero charge (PZC) of SM 
is at pH value 4.4. At 
lower pH the SM is 
positively charged and 
negatively charged at 
higher pH values. When it 
is treated by mentioned 
cations (100 mg.L"'), the 
zeta potential curves 
changed the signs (from 
negative to positive) and 
this indicates the presence 
of specific sorption. 
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3. CONCLUSION 

Iron oxides precipitate as discrete particles that range from 10-40 
nanometers. Due to agglomeration during the air-drying real grain size 
ranges from 20-900 nm. The synthetic magnetite described in this work 
was found to be an effective sorbent of selected bivalent cations with 
sorption capacity 54 mg Pb/g, 15 mg Cu/g, and 65 mg Cd/g of sorbent. 
The point of zero charge of synthetic magnetite is at pH value 4.4 and the 
presence of 100 mg. L"' of these cations does significantly change the 
surface charge, which clearly demonstrates that mentioned heavy metal 
ions are sorbed by specific sorption. 
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Abstract: Glass formation and crystallization process of Pd-Ag metallic 
alloys are investigated by means of molecular dynamics simulation. This 
simulation uses the quantum Sutton-Chen (Q-SC) potential to study structural 
and transport properties of Pd-Ag alloys. Cooling rates and concentration 
effects on the glass formation and crystallization of binary alloys considered 
in this work are investigated. Pd-Ag alloys show the glass structure at fast 
cooling rates while it crystallizes at slow cooling rates. Increment of 
concentration of Ag in Pd-Ag alloys gives rise to glass structure at cooling 
rate 0.5 K/ps. 

Keywords: glass formation, molecular dynamics, quantum Sutton-Chen 
potential. 



1. INTRODUCTION 

The understanding of the structure and thermal stability of metallic glasses 
is of great importance from both the fundamental and practical viewpoints 
[1,2]. Since their discovery in 1960 by Duwez and co-workers [3], much 
research has been devoted to the study of bulk metallic glasses 
[4,5,6,7,8,9,10,11]. 

The molecular dynamics (MD) method is currently one of the most 
powerful tools for obtaining the macroscopic and microscopic features of the 
materials, and has been used to investigate the glass formation and 
crystallization processes of liquids by using different types of interatomic 
potentials. MD can provide important insight by allowing one to determine 
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quantities which are difficult to access in real experiments and hard to obtain 
with reasonable precision [12,13,14,15]. 

MD is also extensively used in simulating nano-clusters [16,17]. In this 
work, we are using a finite system of 864 atoms. Although this is still in the 
nano-particle range, it shows all the properties of bulk materials. But our 
simulation method can be used for clusters containing small number of atoms. 

There is considerable progress in development of empirical and semi- 
empirical many-body potentials for accurately reproducing thermodynamics 
and structural properties of most transition metals [18,19,20,21]. Sutton-Chen 
potential (SC) is used to study thermal and mechanical properties of some 
transition metals and alloys via molecular dynamics simulations [22,23] and 
it's new version, called quantum Sutton-Chen potential which is used to 
investigate crystallization and glass formation properties of Cu-Ag and Cu-Ni 
alloys [24]. This quantum Sutton-Chen potential is also used to predict the 
viscosity as a function of share rates for Au-Cu alloys by means of non- 
equilibrium molecular dynamics [25]. 

In this study, our main aim is to investigate the melting, crystallization, 
and glass formation properties of Pd-Ag metallic alloys. We aim to see if the 
Q-SC potential can correctly and efficiently describe the melting, 
crystallization and glass formation during the heating and cooling processes 
of Pd-Ag alloys. Cooling rate effects on the physical properties of the Pd-Ag 
alloy modeled by quantum Sutton-Chen potential are also studied. 

2. METHOD AND MODEL 

Total potential energy of the metals and metal alloys in the SC formalism 
is given as follows [21]; 






fij r,j 



( 1 ) 



where the first term is a pair potential accounting for the repulsion between 
the i and j atomic cores, and the second term is a local density accounting for 
the cohesion associated with atom i. 

In Eq.l, Vij is the distance between atoms i and j , ay is a length parameter 
scaling all spacings, c,- is a dimensionless parameter scaling the attractive 
terms, Dy sets the overall energy scale. 

The combinations rules in defining the interaction between Pd-Ag atoms 
are given in Refs. [24,26]. 
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(^agin and co-workers [27] reparametrized the SC potential by fitting to 
such 0 K experimental properties as density, cohesive energy, moduli, and 
phonon frequencies at the X point (at room temperature) while including the 
zero-point energy (thus it is called quantum Sutton-Chen potential (Q-SC)) 
and employed this potential in series of important problem in metal physics 
[24,25,28,29]. Q-SC potential parameter sets for Pd and Ag are given in the 
Table 1 [27]. 

The simulation in the present paper is based on constant temperature and 
constant thermodynamics tension (TtN) molecular dynamics simulation 
[30,31,32,33]. TtN simulation started from a cubic box subject to periodic 
boundary conditions for a system with 864 particles. Computational details of 
this study can be found in Ref [24]. 



Table I. Q-SC potential parameters 



metal 


rii 


Ml 


A>„(eV) 


Ci 




Pd 


12 


6 


3.2864E-3 


148.205 


3.8813 


Ag 


11 


6 


3.9450E-3 


96.524 


4.0691 



3. RESULTS AND DISCUSSIONS 

Fig. 1 a) presents the variation of volume of Pdo. 8 Ago .2 as a function of 
temperature and different cooling rates. As shown in Fig. 1 a), there is a sharp 
jump during the heating and cooling processes. This sudden increase and 
decrease is due to the first order transition such as melting and crystallization. 
The melting temperature of Pdo. 8 Ago ,2 is 1695±10 K which is in reasonable 
agreement with the experimental melting temperature, 1704 K. Among the 
reasons for the melting temperature to be a little bit different than the 
experimental value, are that the system is homogeneous without any free 
surface and that we started the simulation with a perfect crystal. The system 
might not have had time to rearrange an equilibrium distribution of defects. 
These might cause the melting point to be different from the experimental 
value. This alloy changes into crystalline form at 0.5 K/ps while it transforms 
into a glass formation at faster cooling rates, that is, there is no sudden change 
in the volume at these cooling rates. This is a sign of glass formation. Fig. 1 b) 
shows the pair distribution function during the heating and cooling processes 
at different cooling rates and different temperatures to investigate the cooling 
rates effects on the Pdo. 8 Ago. 2 - As seen in Fig. 1 b), pair distribution functions 
have sharp peaks during the heating and cooling rate of 0.5 K/ps at 300 K. 
After the cooling of the model system with the cooling rate of 0.5 K/ps, alloy 
system recrystallizes and shows the same structure it had during heating 
processes. Flowever, other cooling rates give rise to glass formation of chosen 
system. Moreover, faster cooling rates lead to glass structure, i.e., there is a 
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splitting in the pair distribution function at 300 K, this is a characteristic of a 
metallic glass. 




Figure 1. a) Volume of Pdo gAgo 2 as a function of temperatures during the cooling and heating 
processes at different cooling rates, b) Pair distribution function at 300 K for structure obtained 
from heating and cooling cycles. 




Figure 2. a) Wendt-Abraham parameter R versus temperature. 0.5 K/ps lead to crystallization 
of the material at 850 K. The calculated glass temperature is 400 K and 450 K at other cooling 
rates, b) Diffusion coefficients versus temperature during heating processes in EVN dynamics 
and cooling processes for Ag in the Pdo. 8 Ago 2 alloy at 2.5 K/ps and 0.5 K/ps cooling rates in 
the TVN dynamics. 

Glass and crystallization temperatures can also be predicted at different 
cooling rates by means of the Wendt-Abraham parameter [34], defined by 
'^'^'^(gmin/gmax)=gmin/gmax- The Wendt-Abraham parameter describes the local 
properties of pair distribution function which allows one to estimate the glass 
and crystallization temperatures. The Wendt-Abraham glass and 
crystallization temperatures are displayed in the Fig. 2 a) at different cooling 
rates. The model system shows a glass formation at temperatures of 400 K 
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and 450 K while the slower cooling rate of 0.5 K/ps leads to crystallization at 
850 K. At fast cooling rates the material does not have enough time to relax. 
This leads to an amorphous structure, but as the simulation time increases the 
material crystallizes. 



201 



"-181 



Pd 

PdojAftii 
PdfiiAgiH 
Pdti (Aft)* 

PdoiAgoi 

A* 



wIaii 



= 16 l 



500 lOOO 1500 
Tdiiporatiirr (K) 



2000 



Figure 3. Concentration effect on the crystallization and glass formation of Pd-Ag alloys at 0.5 
K/ps. 

The Einstein relation is given as [35]; 

<lrftJ-rfOJl^>=6Dt+C, (2) 

where <lr('tJ-r('0Jl^> is the mean square distance. D and C are constants. The 
constant D is the diffusion coefficient. As shown in Fig. 2 b) diffusion 
coefficient increases linearly with heating while it decreases exponentially 
during the cooling as a function of temperature. The diffusion coefficients 
during the cooling show the same behavior at two different cooling rates. At 
the crystallization point diffusion coefficient diminishes sharply. This is an 
expected result since the system freezes and stays that way. The atoms lose 
their configurational freedom and vibrate around their local positions in the 
crystalline phases. Fig. 3 shows the concentration effects on the crystallization 
and glass formation of Pd-Ag alloys. The increment of the concentration of 
Ag in the alloy systems cause to be amorphous phase. This is due to the 
difference between the atomic sizes. 

4. CONCLUSION 

We have studied the melting, cooling, and crystallization of binary PdxAgi.x 
alloys using the quantum Sutton-Chen potential. As shown in Fig. 1 a) glass 
transition is not a first-order transition. Indeed there is not a unique glass state 
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since its properties depend on how it is observed. The agreement between the 
estimated melting points and experimental values is quite good. As the 
simulation time of the system increases the corresponding crystallization 
temperature also increases. A long simulation time is necessary to crystallize 
the system with increasing concentration of Ag in Pd-Ag alloy. This is due to 
the increment of atomic size of Ag. We have also calculated diffusion 
constants during the heating and cooling processes. It is seen that Pd-Ag 
forms a metallic glass at fast cooling rates and it crystallizes at slow cooling 
rates. The cooling rates determine whether the material changes into glass or 
not. The glass transition and crystallization temperatures depend strongly on 
the chosen cooling rates. This study shows that the quantum Sutton-Chen 
potential is practical for studying the crystallization and glass formation 
properties of transition metals and their alloys. In the absence of specific 
experimental data for Pd-Ag alloys, it would be interesting to test the 
predictions of the present work with the results of first-principles simulation 
study or experimental study. 

References 

1. Guntherodt, H. I. and Beck H. Beck Glassy Metals I, (Springer, New York, 1981). 

2. Shelby, J. E. Introduction to Glass Science and Technology, (The Royal Society of 
Chemistry, 1997). 

3. Klement, W., R. Wilens and P. Duwez Thermophysical properties of bulk metallic 
glass-forming liquids 'Hsdwe 187 869, 1960. 

4. Faupel, F., W. Frank, M. P. Macht, H. Mehrer, V. Naundorf, K. Ratzke, FI. R. 
Schober, S. K. Sharma and FI. T&ichl&t Diffusion in metallic glasses and 
Supercooled melts Rev. Mod. Phys. 74 237, 2003. 

5. Schneider, S. Bulk metallic glass J. Phys.iCondens. Matter 13 7723, 2001. 

6. Loffler, J. F. Bulk metallic glass Intermetallics 11 529, 2003. 

7. Egami, T. Atomistic mechanism of bulk metallic glass formation J. Non-Cryst, Solids 

317 30, 2003. 

8. Kob, W. Computer simulations of supercooled liquid and glass J. Phys.iCondens. 

Matter 11 R85, 1999. 

9. Hausleitner, C., M. Tegze and J. Hafiier Structural and electronic properties ofy- 
based metallic glasses i.7hy%.'.ConAiin%. Matter 4 9557, 1992. 

10. Hafher, J. Theory of the formation of metallic glasses Phys. Rev. B 21 406, 1980. 

11. Ediger, M. D., C. A. Angell and S. R. Nagel Supercooled liquid and Glasses 1 J. 

Phys. Chem. 100 13200, 1996. 

12. Wang, L., X. Bian and J. Zhang Structural simulation of amorphization and 

crystallization in liquid metals J. Phys. B: At Mol. Opt. Phys. 35 3575, 2002. 

13. Liu, C. S., Z. G. Zhu, J. Xia and D. Y. Sun Cooling rate dependence of structural 

properties of aluminum during rapid solidification J. Phys.iCondens. Matter 13 1 
1873,2001. 

14. Qi, Y., T. Cagin , Y. Kimura and W. Goddard III Molecular-dynamics simulations 

of glass formation and crystallization in binary liquid metals: Cu-Ag and Cu-Ni 
Phys. Rev. B 59 3527, 1999. 

15. Wang, L., H. Liu, K. Chen and Z. Hu The local orientational orders and structures 
of liquid and amorphous metals Au and Ni during rapid solidification Phys. B 239 
267, 1997. 




493 



16. Dong, K. J., R. S. Liu, A. B. Yu, R. P. Zou, and J. Y. Li Simulation study of the 

evolution mechanism of clusters in a large-scale liquid Al system during rapid 
cooling processes J. Phys.: Condens. Matter 15 743, 2003. 

17. Liu S. R., K. J. Dong, A. B. Yu, R. P. Zou, and J. Y. Li Formation characteristics of 

nano-clusters during rapid solidification process of liquid Al J. Mat. Scien. left. 22 
779, 2003. 

18. Daw, M. S. and M. I. Baskes Semiempirical, quantum mechanical calculation of 

hydrogen Embrittlement in metals Phys. Rev. Lett. 50 1285, 1983. 

19. Daw M S and Baskes M Embedded-atom method: Derivation and application to 

impurities, surfaces, and other defects in metals Phys. Rev. B 29 6443, 1984. 

20. Finnis, M. W. and J. E. Sinclair A simple empirical n-body potential for transition 

metals Phil. Mag. A 50 45, 1984. 

21 . Sutton, A. P. and J. Chen Long-range Finnis-Sinclair potentials Phil. Mag. Lett. 61 

No:3 139, 1990. 

22. Cagm, T., G. Dereli, M. Uludogan, and M. Tomak, Thermal and mechanical 
properties of some fee transition metals, Phys. Rev. B 59 3468-3472, 1999. 

23. Dereli, G., T. Cagm, M. Uludogan, and M. Tomak Thermal and mechanical 
properties ofPt-Rh alloys Phil. Mag. Lett. 75 209, 1997. 

24. Qi, Y., T. > Y. Kimura and W. Goddard 111 Molecular-dynamics simulations 

of glass formation and crystallization in binary liquid metals: Cu-Ag and Cu-Ni 
Phys. Rev. B 59 3527, 1999. 

25. Qi Y., T. Qagm, Y. Kimura and W. A. Goddard 111 Viscosities of liquid metal alloys 

from nonequilibrium molecular dynamic J. Comp. Aid. Mat. Des. 8 233-243, 

2002 . 

26. Rafii-Tabar, H. and A. S. Sutton Long-range Finnis-Sinclair potentials for fee 

metallic Alloys Phil. Mag. Lett. 63 217, 1991. 

27. Qagm T, Y. Qi, H. Li, Y. Kimura, H. Ikeda, W. L. Jonhson, and W. A. Goddard 111 

MRS Symp. Ser. 554 43-48, 1999. 

28. Qi Y., T. Qagm, W. L. Johnson and W. A. Goddard 111 Melting and Crystallization 

in Ni nanoclustes: The mesoscale regime J. Chem. Phys. 115 385, 2001. 

29. Ikeda H.,Y. Qi, T. Qagm, K. Samwer, W. L. Jonhson, and W. A. Goddard III 

Strain Rate Induced Amorphization in Metallic Nanowires Phys. Rev. Lett. 82 
2900, 1999. 

30. Ray J R and Rahman A Statistical-ensembles and molecular-dynamics studies of 

anisotropic solids 2 J. Chem. Phys. 82 4243, 1985. 

3 1 . Nose, S. A unified formulation of the constant temperature molecular dynamics 

methods Mol. Phys. 52 255, 1984; S. Nose J. Chem. Phys. 81 511, 1984. 

32. Parinello, M. and A. Rahman Crystal structure and pair potentials: A molecular 

dynamics study Phys. Rev. Lett. 45 1196, 1980. 

33. Parinello, M. and A. Rahman Polymorphic transition in single crystals: A new 

molecular dynamics method J. Apply. Phys. 52 7182, 1981. 

34. Wendt, H. R. and F. F. Abrnham Empirical criterion for the glass transition region 

based on Monte Carlo simulations Phys. Rev. Lett. 41 1244, 1978. 

35. Allen, M. P. and D. J. Tildesley, Computer Simulation of Liquids (Clarendon 

Press, 1987). 




HYDROTHERMALLY PREPARED 
NANOCRYSTALLINE Mn-Zn FERRITES: 
SYNTHESIS AND CHARACTERIZATION 

D.N. BAKOYANNAKIS, E.A. DELIYANNI, K.A. MATIS’ 
Division of Chemical Technology, School of Chemistry, 
Aristotle University (Box 116), GR-54124 Thessaloniki, Greece 

L. NALBANDIAN and V.T. ZASPALIS 

Lab. Inorg. Materials, Inst. Chem. Proc. Eng., Center Res. 

Tech., P.O. Box 361, GR-57001 Thessaloniki, Greece 



1. INTRODUCTION 

In this study of nanosized manganese-zinc ferrites, particularly, two 
aspects were investigated in-depth for the main product being 
Mn^j ^^Zn^i ^^Fe^O^ : i) The influence of the method followed during the 
material preparation, and ii) The effect of the varying stoichiometry of the 
powder compared with its properties. Earlier work in the area of the group 
involves, among other, the preparation of nanocrystalline hydroxy-ferric 
oxides and their application as adsorbents in environmental technology - 
see for instance [ 1 -3 } . 

2. EXPERIMENTAL 

Mn-Zn ferrite powders were prepared from metal chloride precursors 
through precipitation using aqueous ammonia (separately of iron, at first) 

O 

and then a hydrothermal processing route in an autoclave at 180 C for 2 
hr; the products were freeze dried. After precipitation, the chloride ions 
were removed and their concentration controlled. 

ICP-AES was used to find the stoichiometry of the material produced 
in each case. Characterisation of the ferrites was conducted by X-ray 
diffraction of samples (XRD), Transmission Electron Microscopy (TEM), 
Scanning Electron Microscopy with microanalysis (SEM-EDS), and 
Infrared spectroscopy with Fourier transform (FTIR). 

Pressed compacts made from the synthesized in the lab powders have 
been sintered under controlled partial pressure conditions. Noting that the 
required sintering temperature is inversely proportional to the specific 
surface of the material. Therefore, the latter was taken as criterion of the 
work - the surface was measured with the BET method. 
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Figures 1 & 2. XRD pattern (top) and magnetization vs. applied 
magnetic field (bottom) for the main product. 

3. RESULTS AND DISCUSSION 
3.1. Notes on Chemistry 

The introduction of a non-magnetic ion, like Zn in MnFe^O^ results in 
lowering the total anisotropy. In this way, with the changes in the 
composition, the coercivity is influenced and hence, the saturation 
magnetization [4], A difference in cation distribution (apart from the 
particle size), according to the literature, also affects the magnetic 
properties [4-6]. 

The achievement of very fine grained microstructures with 
simultaneously high densities became possible. Ring shaped fired 
specimens of these powders were characterized for their electromagnetic 
performance: they exhibited low electromagnetic power losses and 
resonance frequencies in the MHz range. 

The use of ammonia was preferred because it is known that Na (if 
sodium hydroxide is applied), as an impurity, decreases the initial 
permeability of the ferrite materials. Significant role for the achievement 
of the desired stoichiometry in the nanoparticles play the concentration of 
chloride ions in the solution and the pH of precipitation. During the 
precipitation of Fe, Mn and Zn from their mixed chloride solutions by 
aqueous ammonia at different pHs and reaction times the result is only a 
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partial precipitation of Mn and Zn, as their respective hydroxides. These 
could then redissolve in solution (the reactions are shown in the next 
page) forming complexes with ammonium salts; hence, an existing 
competition between the formation and redissolution of the precipitates. 

Mn/Zn(OH)2+4NH^Cl ^ [Mn/Zn(NH3)^ClJ+2HCl+2H20 
At a lower pH these ammoniacal complexes can be 
hydrolysed: [Mn/Zn(NH 3 )^ClJ + 4Hp ^ Mn/ZnCl^ + 4NH^OH 
At higher pH (>7) the following reaction takes 
place:Mn/Zn(OH)2+2NH^Cl+2NH3 ^ [Mn/Zn(NH 3 )^ClJ+ 2 H 30 
The complexes of zinc with ammonia are stable at higher pHs, while those 
of Mn at values > 9 are instable. So, to inhibit the redissolution of Mn and 
Zn and assist the stoichiometric precipitation, it is necessary to reduce the 
concentration of NH^Cl in the system, i.e. that formed mainly during the 
iron hydroxide precipitation. 

3.2 Product Characterization 

The XRD spectra (see Fig. 1) showed that there is a quantity of 
hematite; which is reduced with lowering the Mn quantity in the 
compound stoichiometry. The IR spectra for the samples are almost 
identical. In all of them appear the typical peaks characteristic of the 
existence of bonds of compounds, from which the ferrite is composed. 
Also, some peaks were observed showing the existence of certain 
hydroxide or chloride ions. 

The existing size of crystallites is not large (wide peaks), which is 
apparent and from the TEM pictures, too (Fig. 3); as it is also shown by 
the fact that the pattern of the rings was not intense. The SEM 
microphotographs (Fig. 4) showed all the grains to have approximately 
the same spherical shape, while their fine size was certified. 

The magnetic properties of the Mn-Zn ferrite nanoparticles powder 
were measured by VSM, as shown in Fig. 2. From VSM measurement 
estimated the magnetic parameters such as saturation magnetization (Ms = 
60 emu g-1) and coersivity (He = 125 Oe). Though the particles are of 
nanosize, they are not superparamagnetic as confirmed from the high He 
values. The He values of the order of >10 Oe as seen in these particles are 
in fact much higher compared to that of bulk ferrites (0.1 - 1 Oe). In 
summary, nanoparticles obtained by this process present higher saturation 
magnetization and coersivity compared with same materials from 
literature data. 

The results of surface area, pore volume and pore size distribution 
obtained from nitrogen adsorption-desorption isotherms are presented in 
Tables 1 and 2. 

TABLE 1 . Physical characteristics of the powders (BET results): effect of the applied synthesis 

method 



Sample 

diameters 



Specific surface area Porosity 



(mVg) 



(cm7g) 



Range of pore 



(A) 
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A 


66 


0.26 


10-1060 


(160) 

B 


36 


0.19 


10-1040 


(120) 

C 


65 


0.12 


10-1060 


(110) 

D 


63 


0.17 


10-1050 


(120) 









TABLE 2. Cumulative results changing the ferrite stoichiometry 



Sample* 


Particle dimension 


Cell constant 


Specific surface area 


Porosity 


Predominent 


diameter 










pore 




(nm) 


(A) 


(m7g) 


(cm7g) 


(A 


A 


119 


8.46 


66 


0.26 


160 


A1 


99 


8.46 


94 


0.43 


160 


A2 


104 


8.43 


87 


0.67 


160 


A3 


109 


8.44 


77 


0.75 


160 



* A: Zno.35Mno.65Fs2045 Al: Zno.i4Mno.g6Fe204, A2: Zno.66Mno.34Fe204, A3: Zno.73Mno.27Fe204 



4. SUMMARY AND CONCLUSIONS 

Nanosized manganese-zinc ferrite powders with cubic spinel crystal 
structure and a significantly high surface area have been synthesized from 
metal chloride precursors through a hydrothermal precipitation route using 
aqueous ammonia followed by freeze drying of the products. Pressed 
compacts made from those powders have been subsequently sintered 
under controlled oxygen partial pressure conditions. 

The ferrite formation was found to be quite sensitive to the procedures 
adopted for preparing the hydroxide slurry prior to hydrothermal 
treatment. The chlorine ion concentration in the solution and the pH of the 
precipitation is shown to play a crucial role in retaining the initial 
stoichiometry of the solution in the nanoparticles. The produced powders 
were examined by X-ray diffraction for identification of the crystalline 
phases present, by Scanning and Transmission Electron Microscopy for 
identification of their morphological structure and properties, nitrogen 
sorption for determination of the BET surface area and by 
thermogravimetric and Differential Scanning Calorimetry for 
identification of the oxidation/reduction behavior upon firing. 

All powder characterization results point out to the formation of 
nanosized manganese-zinc ferrite crystals ranging from 5 to 30 nm with a 
relatively high surface area (~75 m^/g) when compared to this of 
conventionally prepared powders by the mixed oxide methods (~5-7 
m^/g). Compacts made from those powders have been sintered to various 
temperatures using manganese-zinc ferrite equilibrium oxygen partial 
pressures atmospheres. It appeared that for the same final densities the 




499 



sintering temperatures are significantly lower when compared to those of 
conventionally prepared ferrite powders. 

Moreover, the achievement of very fine grained microstructures and 
simultaneous high densities becomes possible. Ring shaped fired 
specimens of the previously mentioned nanocrystalline powders have 
been characterized for their electromagnetic performance. They exhibit 
low electromagnetic power losses and resonance frequencies in the MHz 
range. As can be concluded from the processing and characterization 
results, in terms of industrial applications, hydrothermally prepared 
nanocrystalline manganese-zinc ferrites may offer the following 
advantages: 

a) lower manufacturing cost of inductive electromagnetic 
components since the energy consuming prefiring step can be 
eliminated and the firing temperatures can be significantly 
reduced. 

b) Manufacturing of high frequency inductive electromagnetic 
components because of their fine grained microstructure, 
extending therefore the frequency application range of 
manganese-zinc ferrites and at the same time meeting the market 
trends for high frequency operation and miniaturization of 
inductive components. 
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Figures 3 & 4. TE micrograph and 0-ring pattern (top) and SEM image (bottom). 
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Abstract: In the present study, Ni coatings have been deposited on glass 
microscope slides at substrate temperatures of 300, 350, 400 and 450 °C. 
The depositions were performed by evaporating the metallic Ni source in 
a low-voltage (600-1000V) plasma of argon:hydrogen (2:1) gas. 
Morphology of the Ni coatings was altered by changing the substrate 
temperature whereas the coating thickness was kept nearly constant. X-ray 
and XPS analyses showed that the increase in the substrate temperature 
resulted in the formation of NiO and Ni 203 on the deposited layer. 
Resistivity of the deposited layers and the adhesion between the substrate 
and coatings were increased at high temperatures. 

Key words: Metallization, Ni coating, plasma deposition 



1. INTRODUCTION 

Metallization of microelectromechanical systems (MEMS) devices and 
multilevel metallization of very large scale integrated (VLSI) circuits 
entail design and processing issues beyond those of concern in IC 
technology [1, 2]. Metallizations generally require good conductivity, 
electromigration resistance, controllable contact performance, corrosion 
resistance, adherence, thermal stability, bondability, ability to be patterned 
into desirable geometry and must be economically feasible to implement. 
Metallization of the ceramics and glasses provided to obtain neutron 
optical elements, such as neutron guides, are nowadays indispensable at a 
neutron source especially for cold and thermal neutrons. The neutron 
mirrors, usually used in the construction of such elements, are often made 



S. Guceri et al. (eds.), Nanoengineered Nanofibrous Materials, 501 - 507 . 
© 2004 Kluwer Academic Publishers. Printed in the Netherlands. 




502 



of highly polished nickel plated glass which are relatively close to unity 
[3], 

Traditionally, copper and nickel films have been deposited by 
electroless coating or electron beam evaporation. However, these 
deposition techniques suffer from inadequate step coverage; this often 
results in the formation of microcracks and discontinuities at holes and 
deep trenches [4]. Most metal deposition processes can be divided into 
PVD and CVD type processing. The most common techniques that are 
being used for metallization are the CVD, MOCVD and R.F. [5]. Laser 
chemical vapor deposition (LCVD) is another metallization technique 
applied especially for Ni [6]. The major objective of our work was to 
investigate the effect of substrate temperature on the structure, resistivity, 
and adhesion between substrate and the deposited layer. 

2. EXPERIMENTAL METHOD 

The substrates used in the present work were glass microscope slides. 
A d.c. plasma system was used for the coating of glass substrate surfaces 
with pure nickel. The details of the plasma apparatus as well as the 
uniquenesses of plasma assisted surface processing are given elsewhere 
[7]. Prior the coatings, the system was evacuated at a base pressure of 10'^ 
Torr and then filled with argon and hydrogen gases for sputtering. Each 
sample was subjected to ion bombardment, sputter cleaning, in an argon 
and hydrogen (1:1) atmosphere at a gas pressure of 300 mTorr and a 
cathodic voltage of 600 - 1000 V for 20 min. The sputtering of the 
substrates were made at the substrate temperatures of 300, 350, 400 and, 
450 °C. A tungsten boat, coated with pure alumina, and amenable to 
resistive heating, was used as the source for Ni evaporations inside the 
vacuum system. The boat temperature was kept at 1 800 °C for 
evaporation of pure nickel during the total deposition period of 6 minutes. 
Following placement in the vacuum chamber, the glass substrates were 
then coated with nickel. An Ar:H 2 (2:1) gas mixture was used to provide a 
clean nickel deposition on the glass substrates. All coatings were 
investigated for layer thickness, as measured with metallography 
following grinding and polishing of the samples by conventional methods. 
SEM analysis was carried out with a Hitachi HHS-2R system employing a 
20 keV electron beam. The room temperature resistivity of the deposited 
Ni layer was measured by a low-fequency a.c. method using a four-probe 
technique. X-ray diffraction and XPS analysis of the specimens were 
carried out. X-ray photoelectron spectroscopy (XPS, ESCA750) was 
employed to analyze the surface components of the nickel coatings. 
Surface profilometry of uncoated glass substrates and the coatings were 
carried out for determining the roughness of the coatings. Scratch testing 
was performed using a Romulus III, Universal Scratch Tester (dead load) 
fitted with a diamond stylus of a radius of 533 | 0 ,m. At least four scratches 
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were performed on a given sample. Normal loads, effective friction, 
transverse loads and acoustic emission outputs were recorded by a 
computer, attached to the scratch tester. A standard loading speed of 0.15 
N/min. was used; the scratches were about 2. 5-4.0 mm long. The critical 
load (Lc) that gives coating failure was estimated by using the information 
obtained from microscopic observations and from the data on acoustic 
emission and effective friction. 

3. RESULTS 

Grain size of the Ni films showed a gradual increase with increasing 
substrate temperature. The measured grain sizes are as follows: 0.52 pm ± 
0.085 for 300 °C; 0.58 pm ± 0.05 for 350 °C; 0.63 pm ± 0.04 for 400 °C 
and 0.68 pm ± 0.04 for 450 °C. SEM micrographs of Ni coatings at 300 
and 450 °C are presented in Fig. 1, showing a continuous, smooth 
polycrystalline structure and a uniform, dense surface with a grain size of 
0.52-0.68 pm. As seen in Fig. 1, the Ni deposits that coated at 300 °C 
exhibit different morphology when compared with Ni deposits coated at 
450 °C substrate temperature. Fig. la shows that at 300 °C the deposition 
of Ni at 300 °C substrate temperature gives very fine equiaxed crystallites 
of Ni, whereas Ni particles (in Fig. lb) showed triangular, prismatic shape 
on the glass substrate at 450 °C. When the substrate temperatures were 
taken into account, the coating thickness values revealed an approximately 
8 ± 0.8 pm range; no significant differences in the thickness have been 
observed by changing substrate temperature. The coating thickness values 
were measured as: 7.2 pm at 300 °C, 7.9 pm at 350 °C, 7.6 pm at 400 °C 
and 8.8 pm at 450 °C. X-ray analysis of the Ni layers at different substrate 
temperatures exhibited different 




Figure. 1. SEM micrographs of surface morphologies ofNi coatings, deposited on glass 
substrate at 300 mTorr total gas pressure; a) 300 and b) 450 substrate 
temperatures. 
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Figure 2. XRD patterns of Ni deposits: a) 300 °C and b) 450 °C substrate temperatures. 



phases. In general, increasing substrate temperature from 300 °C to 450 
°C resulted in the formation and a gradual increase the NiO phase. The 
XRD patterns of Ni films deposited on glass substrates are given in Fig. 2. 
For brevity, only the x-ray patterns of the films deposited at 300 °C and 
450 °C substrate temperature are presented. The film deposited at 300 °C 
exhibited only the diffraction peaks corresponding to Ni cubic phase. In 
particular, diffraction peaks indicating NiO phase were never detected in 
the XRD data (Fig. 2a). An XRD pattern at 300 °C, showed a clean Ni 
phase with major diffraction peaks appearing 29 = 43.955° (1 1 1), 50.299° 
(200) and 74.100° (220). Ni deposition at 450 °C resulted in relatively 
high intensity NiO peaks on glass substrate coated with Ni (Fig. 2b). 

The observation of the peaks that were obtained from the XPS analyses 
of the coatings showed that increasing substrate temperature resulted in an 
increasing amount of the oxide peaks at the deposited Ni layers. Fig. 3 
represents XPS spectra and the relation between resistivity and substrate 
temperatures of Ni films. Three peaks are identified as Ni, NiO and Ni20s. 
As seen in Fig. 3a, the Ni coating deposited at 300 °C revealed small NiO 
and Ni20s peaks (Fig. 3a). The intensities of the oxide peaks are larger in 
the coating deposited at 450 °C substrate temperature. 




BindinQ Energy Substrate temperature, °C 



Figure 3. a) XPS analysis of the Ni deposits on the glass substrate, b) Four-point probe 
measurements resistivity of Ni films as a function of glass substrate temperature. 
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a Substrate temperature, °C b Substrate temperature, °C 

Figure 4. a) Critical Load (Lc) values versus substrate temperature, b) The 
relationship between the substrate temperature versus surface roughness 
values. 

As seen in Fig. 3b, the resistivity is apparently higher for high 
temperatures. The bulk resistivity of Ni is also shown as a reference value 
in Fig. 3b. The resistivity of Ni film is 7.90 pQ.cm at 300 °C substrate 
temperature and gradually increases until reaches to 25.6 pQ.cm at 450 
°C. Experimental observations on the scratch test curves showed that 
increasing the substrate temperature caused to higher critical load (Lc) 
values. The Lc values that were obtained from the scratch test curves are 
illustrated in Fig. 4a as a function of substrate temperature. A gradual 
increase in the roughness of the Ni deposited surfaces with increasing 
substrate temperature was observed (Fig. 4b). 

4. DISCUSSION 

Ni coating on glass microscope slides, in the present study, showed 
uniform coverage of the substrate. However, increasing substrate 
temperature resulted in an increase in grain size of the Ni films. The grain 
morphology has been observed to be changed by substrate temperature. It 
is believed that the change of the morphology in the Ni films has been 
caused the growth mechanism of the film. At low substrate temperatures 
relatively pure Ni film grows as nucleation of small equiaxed grains. The 
Ni grains show formation of columnar and triangular transition as 
increasing substrate temperature. As was also stated by Lu et al [8], Ni 
based films deposited at low substrate temperature have smaller grains. At 
higher substrate temperatures, the grains are larger with strong columnar 
stmcture. Wong and co workers [9] obtained rectangular and triangular 
grain, and observed increased surface roughness with increasing 
deposition rate in the Ni films that were deposited with electroforming. 

Coating of pure metallic conductors with high coating rates requires 
high vacuum systems. In this study pure coatings were achieved with a 
relatively poor vacuum level. No separation of the film from the substrate 
was possible. Measurement using scratch test has given a Lc of 
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approximately 5.0 N for the Ni film deposited at 450 °C substrate 
temperature. The adhesion values derived in the plasma assisted coating 
are approximately 4 times greater than that of electroless coating, as 
indicated earlier [7]. The high adhesion strength obtained for Ni films on 
glass can be attributed, herein, to oxidation of Ni on the Ni/glass interface, 
this leads to the formation of an oxide layer adjacent to the oxides of the 
substrates. Another reason of the formation of NiO is believed to come 
from coating media since the vacuum level is poor. During the coating of 
the substrates with Ni, Ar and H 2 ions bombard the surfaces of the 
substrates, performing a sputter etch. This effectively cleans the surface 
for the ensuing coating process. The sputtering also continues during the 
deposition. It was reported that, in the absence of H 2 , the metallic films 
usually contain significant amounts of impurities [10]. To decrease the 
impurities and increase deposition rate, an Ar:H 2 (2:1) gas mixture was 
used to provide a clean coating on the glass substrates. In the present 
work, since the vacuum level of the plasma chamber was low 10'^ Torr a 
remarkable amount of oxygen remained in the system. Hydrogen is 
believed to combine the oxygen according to the following reaction: 

2Ni(Vapor) + O2+ H2 >Ni(Deposit) + Ni(OH)2 (1) 

Based on AES measurements, it has been concluded that H 2 must be 
present in the carrier gas to obtain pure films when organo-metallic Cu 
precursors are used [1 1]. As in the case of PACVD, it is thought that using 
H 2 as carrier gas, together with Ar, is necessary to obtain pure coating 
layers. Since vacuum level of the plasma system used in present work was 
relatively low (10‘^ torr), a 1:1 (Ar:H 2 ) plasma gas ratio was used in 
sputtering and a 2:1 (Ar:H 2 ) ratio was used during Ni coating. 

5. CONCLUSIONS 

1. Thin film Ni depositions were performed on glass substrates by using a 
combination of PVD and PACVD processes in a d.c. plasma source 
with the use of a filament as an evaporator at a relatively low vacuum 
level. 

2. All coatings showed continuous, smooth, polycrystalline stmctures 
with a dense surface at all the substrate temperatures. Increasing 
substrate temperatures resulted in triangular Ni grains and increased 
surface roughness of the films. 

3. A short deposition period of 6 min. is sufficient to obtain a thickness of 
approximately 8 pm coatings on the glass substrates. 

4. Oxygen free deposition of Ni is achieved even with relatively poor 
vacuum by the judicious use of hydrogen in the sputtering and 
deposition gas mixtures at 300 °C substrate temperature. 
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5. At high substrate temperatures the resistivity and the adhesion of the 
Ni films increased due to oxidation of deposited Ni by the oxygen 
diffusion from glass substrate to the film. 
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Abstract: Fibrous-structured multi-layer oxide coatings of nano-dimension 
thickness (5-8 nm) have been formed on the surfaces of Si3N4-TiN and Si3N4- 
TiB2 ceramic samples under their electrochemical polarization in 3 % NaCl 
solution. On the surface of Si3N4-TiN ceramics a very thin (~ 5 nm of total 
thickness) oxide coating was formed. This coating consisted of three nano- 
layers containing TiNo.70o.3 titanium oxynitride and Si3N4 in its inner part, 
TiO phase, mixed with Si3N4, in the intermediate part, and Ti02 (rutile) of 
fibrous structure in the outer one. In the case of a Si3N4-TiB2 ceramics a more 
friable oxide coating of 7-8 nm thickness was formed. The first surface layer 
of coating (nanofibrous structure of ~ 3 nm thickness) contains, mainly, the 
Ti02 rutile fibers mixed with silicon oxynitride Si2N20 particles; the 
intermediate one was the mixture of Ti02 with an oxygen solid solution (5 - 
10 mass.% O) in Si3N4 and TiB2 traces; and the inner one (at the coating- 
substrate boundary) consisted of Ti02 in the mixture with Si3N4 and TiB2. The 
nanofibrous coating on Si3N4-TiN ceramics obtained was characterized by a 
higher density and the level of adhesion to the substrate, as well as more 
stable structure compared with the coating on Si3N4-TiB2 ceramics. 

1. INTRODUCTION 

There are literature data [1-6] concerning the formation of surface oxide 
layers under high-temperature oxidation of multiphase non-oxide ceramic 
materials, such as Si3N4-TiN, A1N-T1B2, AlN-TiN, AlN-SiC, AlN-SiC-TiB2, 
AlN-TiB2-TiSi2. Conversely, there is only rare information [7-8] about the 
anode formation of oxide coatings on these electroconductive ceramic 
composites under their electrochemical polarization in a sodium chloride 
solution. 
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2. MATERIALS AND METHODS 

The initial ceramic samples were prepared using the HIP method. The 
powders, sintering parameters and relative density of samples prepared are 
given in Table 1. 



Table 1. The powders, sintering parameters and relative densities. 





Powders 


Degassing 


HIP eycle 


drelative% 


SN- 

TiN 


Si 3 N 4 65 vol%, TiN 35 vol% 
Y 2 O 3 0,26 wt%, AI 2 O 3 0,13 wt% 


600°C lOh 


1725°C Ih 
180 MPa 


100 


SN- 

TiBj 


Si 3 N 4 65 vol%, TiBj 35 vol% 
Y 2 O 3 0,5 wt%, AI 2 O 3 0,25 wt% 


600°C lOh 


1710°C Ih 
170 MPa 


98 



The following powders were used to obtain the composite materials: TiN 
Starck Grade C, TiB 2 Starck Grade F, Si 3 N 4 UBE SNIO. The experimental 
processing procedure was the following: the two powders and sintering aids 
(AI2O3, Y2O3) were dispersed by ultrasonic assistance in ethanol. The mixture 
was then dried at 1 00°C, sieved at 32 pm and cold isostatically pressed. The 
crude cylinder was introduced inside a silica container and sealed. The final 
relative densities were respectively 100 and 98%. The density was determined 
using the Archimede principle. 

The microstructures of initial composites are compared on Fig. 1, the good 
dispersion of the secondary phase being noticed (Fig. 1, a-b). The phase and 
microstructure analyses of surfaces were carried out using XRD (Philips- 
CGR), SEM and EDS (Philips XL30) methods. The scanning electron 
microscopy of oxidized sample cross section was performed using a DSM 982 
device. 

The Si 3 N 4 -TiN (SN-TiN) and Si 3 N 4 -TiB 2 (SN-TiB 2 ) samples were 
subjected to electrochemical polarization in 3% NaCl solution at 20°C. A 
ceramic anode and a Pt cathode constitute the electrolytic cell. The anode 
polarization curves of electrolytic oxidation (Fig. 2) were obtained by a 
potential-dynamic method at a potential sweep rate of 5 mV/s using a P 5848 
potential-static device and an Ag/AgCl/KCl reference electrode. In this paper 
all the potentials are measured versus this silver-silver chloride electrode. 

The phase composition of thin oxide films formed as a result of 
electrochemical oxidation of both composite samples was determined on the 
basis of the elements’ molar ratio, by Auger electron spectroscopy, using a 
LAS-2000 device (Riber, France). Hereby the Auger analysis was carried out 
after gradual etching of film layers at the rate of 5 nm/min under Ar^- ions 
bombardment. The Auger spectra of initial samples were used as a reference. 
The computer program using the spectra of standard Ti- and N- containing 
samples was applied for the correct separation of Ti and N peaks which are 
close both in position and energy. 
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Figure 1. SEM (a,b) and TEM (c,d) images of SN-TiN (a,c) and SN-TiB 2 (b,d) composite 
microstructure. 



3. RESULTS AND DISCUSSION 

The measured stationary potentials, i. e.: + 0.25 V for (SN-TiN) and - 
0.10 V for (SN-TiB 2 ), showed that, without polarization, the SN-TiN 
ceramics had a lower oxidation rate in 3 % NaCl solution than SN-TiB 2 ones 
(Fig. 3). 

In the case of SN-TiB 2 , the total negative charge of the double layer on the 
electrode surface is determined by CU ion both in the compact layer and in 
the diffuse layer (Fig. 3, a). The measured Nernst’s potential E is defined by 
the sum E = (p + ^ of the difference of potential through these two layers (Fig. 
3, a and b). As one can see, the SN-TiN system differs from the SN-TiB 2 one 
(Fig. 3, b). Indeed, resulting from a greater value of positive potential in 
comparison with the negative cp one, the measured stationary potential E 
proved to be positive. 

It must be noted that by ED AX analysis the presence of chlorine adsorbed 
particles on the surfaces of both ceramic electrodes sunk in the electrolyte has 
been confirmed. 
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Figure 2. Anodic polarization curves of SN-TiN (1) and SN-TiB (2) ceramics 
oxidation in 3% NaCl solution 

The increase of anode potential on Fig. 2 shows that the oxidation process 
of both ceramics proceeds in three stages. At every stage, chemical analyses 
were used [7, 8] for the determination of Ti (IV) ions, i.e. TiO^^ titanyl-ions, 
and Ti (III), i.e. Ti^^-ions, which come into solution from the TiN or TiB 2 
electrodes due to the anode dissolution. The results were in accordance with 



the following equations (1-4): 

2 TiN + 2 HzO = 2 TiO^^+ Nz + 4 + 8 e (1) 

2 TiN = 2 Ti^^ + Nz + 6 e (2) 

TiBz + 7 HzO = TiO^^ + 14 + 2 BOz^' + 10 e (3) 

TiBz + 6 HzO = Ti^^ + 12 + 2 BOz^' + 9 e (4) 



Auger spectra of samples subjected to oxidation during 2 h in 3 % NaCl 
solution under the potential of + 1.8 V for the SN-TiN composite and + 2.0 V 
for the SN-TiBz one are given on Fig. 4, a, and 4, b, respectively, as well as 
the Auger spectra of initial samples. 
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Figure 3. Scheme of the double electric layer on the electrode surface in 3 % NaCl 
solution: SN-TIN; (b) SN-TiBj. 



SN-TiN. At the first oxidation stage, from + 0.25 to + 0,5 V potentials, a thin 
(~ 2.5 nm) TiNo.yOo.s oxynitride layer was formed on the sample surface. The 
Ti: N: O: Si element molar ratio (EMR) is, mainly, equal to 3: 3.7: 1: 1. Si 3 N 4 
in all parts of the surface film is in the non-oxidized state. However, in the 
vicinity of the boundary of this layer with the substrate, the EMR approaches 
to 10.5: 14.7: 1: 5 suggesting the formation of an oxygen solid solution (0.1 
mol.% O) in TiN. The phase composition of thin oxide films formed as a 
result of electrochemical oxidation of both composite samples was determined 
on the basis of elements molar ratio, by Auger electron spectroscopy analysis. 
It was carried out after gradual etching of film layers at a rate of 5 nm/min 
under Ar^- ions bombardment. 

The potential range from + 0.5 to + 0.7 V corresponds to the TiN 
dissolution in the electrolyte according to (1). However, with a further 
increase of the anode potential up to + 1.5 V, titanium dissolves into the 
solution already in the trivalent state, according to (2), and on the surface, a 
very thin non-stable TiO film (EMR: 2,2: 1.5: 2.0: 1) is formed according to 
equation (5). The passivity section is only sharply observed at potentials >1.6 
V (Fig. 1). The sample dissolution is entirely stopped, and the oxide outer 
layer (~ 2 nm thickness) is composed of Ti 02 rutile (see equation 6): 



2 TiN + 2 H 2 O = 2 TiO + Nz + 4 H^ + 4 e 



( 5 ) 
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2 TiN + 4 H 2 O = 2 TiOz + Nz + 8 + 8e (6) 

mixed with non-oxidized Si 3 N 4 . The EMR (1.5: 1.5: 12: 6) enables to 
conclude that on the surface of this layer, there are more silicon atoms than 
nitrogen ones and that there is also a mono-layer of chemically adsorbed 
oxygen. Below the initial surface of the sample the stoichiometric Si: N = 3: 4 
ratio is confirmed. 

One can see in Fig. 5 a SEM image of a typical cross section of oxide film 
formed during the long-drawn (50 h) anodic polarization of SN-TiN sample at 
1.8 V. In this case TiOz columnar crystals might be grown at the bottom of 
the crystals because O^' diffuse much faster than in TiOz lattice. 
Meantime grain boundary diffusions seem to be faster for both O^' and Ti"*^ 
ions. 



a 



b 





Figure 4. Auger spectra of elements distribution along cross section of oxide fdm (5 - thickness 
of oxide layer): a - SN-TiN; b - SN-TiBz- 



On the base of Fig. 5 one can suppose that in the case of SN-TiN oxidation, 
the oxide layers were formed in the accordance with a scheme of Fig. 6. 
Hereby the processes of ion diffusions in the solids (oxides, oxynitrides) play 
the exceptionally important role, not less important than the anodic 
electrochemical reactions themselves. 

The microstructures of initial and oxidized SN-TiN surfaces are presented 
in Fig. 7, a and b. After oxidation a great amount of finely-dispersed white 
fibers of TiOz (rutile) is noticed on the electrode surface (Fig. 7, b). 
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Figure 5 . SEM image of a cross section 
of oxide film on SN-TiN sample (on the 
left, Ti02 column-like nanocrystals 
grown out in the outer oxide layer; on the 
right, TiOxNy + TiO intermediate phases 
layer; x 160000 ). 



Ti02 layer 



TiN/Si3N4 



H2O 



Intermediate phases layer 



i^Ti 



4+ 
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TiOxNy,TiO 



reaction site 



X 



Figure 6 . Scheme of diffusion processes in the multi-layer oxide film formed under SN-TiN 
anodic polarization. 

Ti02 rutile is a semiconductor of n-type, in which the oxygen vacancies 
ensure the primary, compared with ions, diffusion of oxygen ions through 
the oxide crystal lattice. 
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Figure 7. SN-TiN: a - a SEM image of a polished surface before oxidation; b - 

optical microscope image of an oxidized surface (x 400). 



SN-TiB? . The oxidation mechanism (Fig. 2) is significantly different than the 
previous one. In this case, in the potential range from ~ 0.04 to + 0.5 V, a 
Ti02 (rutile) phase is formed on the sample surface (thickness up to 7 nm) 
according to the following equation (7): 

TiB 2 + 8 H 2 O = Ti02 + 16 + 2 BOs^' + 10 e (7) 

Resulting from the oxidation of Si 3 N 4 -TiB 2 at the potential range from + 
0.5 to + 1.6 V, the four-valent titanium ions and boric acid are found in the 
solution (equation 3) while on the surface a thin (~ 3 nm) film containing 
Ti02 (rutile) mixed with an oxygen solid solution (5-10 mass.% O) in Si 3 N 4 
and TiB 2 traces is observed. 

At the potentials > + 1.6 V the oxidation of Si 3 N 4 -TiB 2 composite is 
slowed down (Fig. 2), and the polarization curve is evolving from an almost 
linear shape to a reciprocal parabolic dependence of the potential E versus the 
logarithm of the anode current density. Along with the formation of the friable 
enough Ti02 film, the TiB 2 dissolution takes place. The trivalent ions are 
passing into the electrolyte (according to equation 4). The obtained Auger 
spectrum of the outer surface film (~ 2 - 3 nm) is characterized by a Ti: B: N: 
O: Si = 1.0: 0: 10.4: 10.0: 7.5 mole ratio of elements, suggesting that its 
composition is a mixture of Ti 02 and Si 2 N 20 , the latter having the 
stoichiometric formula. 

In the case of SN-TiB 2 , the TiOxBy oxynitride cannot be formed. The 
formation of Si 2 N 20 in the outer film layer may be explained according to the 
following reaction: 

2 Si3N4 +30 = 3 Si2N20 + N 2 (8) 

taking place due to an appearance of pores resulting from too speedy 
dissolution of TiB 2 with a transition of boric acid into electrolyte. The rate of 
TiB 2 dissolution, for example, at the potential of 1.8 V, was by 10 times more 
than that of TiN (Fig. 2). Herewith the atomic oxygen moving to the sample 
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substrate through the pores in oxide film and reacting with Si 3 N 4 was formed 
at E > 1.8 V under electrochemical reaction 

TiB 2 + 9 H 2 O = TiOz + 2 BOj^' + 18 + O (in situ) + 12 e (9) 



Our observations (an evolution of gas bubbles on the anode) may testify 
that in the potential range pointed out both reactions - (7) and (9) - were 
proceeding almost simultaneously. 

On the sample surface there is also a mono-layer of chemically-bonded 
oxygen. The microstructures of both initial and partially oxidized surfaces of 
Si 3 N 4 -TiB 2 composite are given in Fig. 8, a and b, respectively. 

One can see in Fig. 7, b and 8, b that the oxidized ceramics surfaces are 
characterized by a nano- fibrous structure. 
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Figure 8. SN-TiB 2 : a - SEM image of a polished surface; b - optical microscope image of an 
oxidized surface (x 400). 



4. CONCLUSION 

The behavior of two silicon nitride-based composite materials under their 
electrochemical oxidation in the 3% NaCl solution has been studied. It has 
been established that in both cases the fibrous-structured multi-layer oxide 
coatings are formed. The anode polarization curves and the nature of the 
double electric layer on and near the electrode surface have been analyzed. 
The results obtained have shown that the Si 3 N 4 -TiN electroconductive 
ceramic material is more stable in the studied medium than the parent Si 3 N 4 - 
TiB 2 composite even if a thicker nano-crystal oxide film is formed on its 
surface. 
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Abstract: The structure, composition and properties of AlN-(Ti,Cr)B 2 
coatings on Si, AI 2 O 3 and GaAs mono-crystals were studied. These 
coatings were deposited using a radio-frequency magnetron sputtering of 
AlN-(Ti,Cr)B 2 target manufactured by powder metallurgy methods. It was 
established that the coating phase composition was differed from the 
target one due to the partial aluminum nitride oxidation. The coatings 
above were characterized by ultra-dispersion stmcture and great resistance 
to high-temperature oxidation owing to the partial formation of AI 2 O 3 - 
Ti 02 , Al 203 -Cr 203 and Al 203 -Ti 02 - Cr 203 solid solutions. Hereby the 
mass gain of target material proved to be only 1.4 mg/cm^ at 1300“C. 
After oxidation, until 1500°C the nanofibrous stmcture was reinforced 
with ( 3 -Al 2 Ti 05 and AI 2 O 3 fibers was formed. It was shown that the AIN- 
(Ti,Cr)B 2 / AI 2 O 3 (110) and AlN-(Ti,Cr)B 2 / GaAs (100) coatings were 
thermal-stable up to 900°C; they had high magnitudes of both 
microhardness (30 GPa) and fracture toughness (3.3 - 4.7 MN/m^^^). The 
mechanical properties of coatings changed for the worse only after 
annealing at the temperature higher than 900°C. The composition and 
stmcture of coatings were investigated using an XRD, EPMA, Auger 
spectroscopy, and SEM methods. TG- and DTA- oxidation curves were 
obtained using the Setaram device with the rate of temperature change of 
15 7min. The AlN-(Ti,Cr)B 2 target material can be recommended for 
deposition of wear- and corrosion- resistant coatings on parts working 
under the extreme conditions. 



1. INTRODUCTION 

The magnetron sputtering is widely used for the deposition of ultra- 
dispersion films with a high level of properties, including a corrosion 
resistance and a thermal conductivity. It is known [1-3] that the TiAlN 
coating as (Tii_x Alx)N solid solution being formed at the sputtering of A1 
and Ti blocks of multi-section target has a good application. In 
electronics, the magnetron coatings are used as the barrier layers for the 
averting of diffusion processes at the “substrate-coating” boundary when 
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the silicon, aluminum oxide (sapphire), and GaAs gallium arsenide 
monocrystals are traditionally used as a substrate [4,5]. In this case a 
thermal stability of a barrier layer is extremely important. 

One must pay attention that the magnetron coatings with high 
tribological and mechanical characteristics have a high resistance to high- 
temperature oxidation find an application in aeronautics, medicine, 
device- and machine- building as well. 

As a rule, only composite ceramics containing three or more 
components may satisfy the demands concerning these material 
applications in electronics. The use of a multi-section target cannot ensure 
a variation of coating properties in a wide range; it doesn’t enable to 
obtain the coating composition corresponding entirely to the target 
composition. What is why it is more expedient to use one-section targets 
of composite ceramics with a low porosity prepared by powder metallurgy 
methods. 

The high corrosion resistance and thermal conductivity of aluminum 
nitride in a combination with a high hardness and electric conductivity of 
borides of transition metals allow us to consider the “AlN-refractory 
boride” ceramics as a perspective kind of target materials, mainly, for 
deposition of barrier layers from a gas phase. 

The goal of this paper is the study of structure, composition, 
mechanical properties and a resistance to high-temperature oxidation of 
films being obtained using the magnetron sputtering of AlN-(Ti,Cr)B2 
composite ceramics. The double titanium-chromium boride is a solid 
solution of CrB2 in TiB2, corresponding to TiB2 + 20% CrB2 composition, 
the latter being characterized by a higher, compared with TiB2, wear 
resistance and hardness. In a course of high-temperature oxidation of the 
material pointed out, the Al203-Ti02, Al203-Cr203 and AI2O3-B2O3 solid 
solutions and then the Al2TiOs (P-tialite), (Al,Cr)203, and aluminum 
borates (high-temperature compounds) are formed. Hereby, the P-tialite 
may play a role of solid lubricant, similar to FeAl204 and FeA103 
compounds [4], under condition of a dry friction. 

2. METHODS 

The AlN-(Ti,Cr)B2 targets of equimolar composition (a diameter of 60 
mm and highness of 2 mm) were fabricated by hot pressing in graphite 
moulds with a boron nitride plaster at 1860-1880“C and a pressure of 150 
MPa. The residual porosity of targets did not exceed 2-3%. The powder of 
demanded composition as the mechanical mixture of components was 
obtained as a result of grinding in the planetary mill for 8 h, for its 
homogenization and crumbling up. 

The thin coatings were deposited on Si, AI2O3 (110) and GaAs (100) 
monocrystals using the method of radio-frequency magnetron sputtering 
in the medium of purified Ar. The installation for coating deposition was a 
metallic chamber, in which the magnetrons were placed. The substrates 
were placed on the table that was put on the revolving disk. The sputtering 
was carried out at the argon pressure of 5.10'^ mm Hg and the discharge 
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current of 0.4 A. The rate of coating deposition was ~ 120 A^’/min, the 
variation of thickness from a center to the edges being ~ 1 %. 

The mechanical properties of coatings (microhardness and fracture 
toughness Kic) were determined using a PMT-3 device at the load to an 
indentor from 0. 1 till 2 N. The coating thickness was ~ 0.6 pm. 

The fracture toughness was determined using a formula [5]: 

pK„ = PC''" (1) 

Here C - a length of radial cracks, P = 7 t^^^ tg9=13.8-a Vickers 
pyramid coefficient. 

and Kic magnitudes were measured for initial samples and samples 
after annealing in the temperature range from 500 to 1000“C. 

The resistance to high-temperature oxidation of target materials and 
coatings was studied under non-isothermal conditions by TG- and DTA- 
methods at the rate of temperature change of 157 min up to 1500“C using 
a Q-1500 device. 

The structure and composition of coatings were investigated by XRD, 
SEM, EPMA and AES methods using a DRON-3, Camebax SX-50 and 
LAS-2000 (Riber) device, respectively. 

The effect of AlN-(Ti,Cr)B 2 high-temperature oxidation on 
composition and structure of films. The reactions of AlN-(Ti,Cr)B 2 film 
components with a medium coincide with those of target material, viz.: 

4 AIN + 3 O2 =2 AI2O3 + 2 N2 (2) 

2 TiB 2 + 5 O 2 = 2 Ti02 + 2 B 2 O 3 (3) 

4 CrB 2 + 9 O 2 = 2 Cr 203 + 4 B 2 O 3 (4) 

An availability of solid solutions in the Al 203 -Ti 02 , Cr 203 -Ti02, 
Al203-Cr203 and AI2O3-B2O3 systems at high-temperature oxidation of a 
film leads to the formation in a target/ film scale of following high- 
temperature compounds: P-Al 2 TiOs, Cr 2 TiOs, (Al,Cr )203 and, maybe, 
aluminum borates. 

The oxidation curves of AlN-(Ti,Cr)B 2 material (Fig. 1) in a 
combination with the data of EPMA and SEM analysis of a surface of 
material oxidized at different temperatures [6] enabled us reach the 
following conclusions. 




Fig. 1. TG- and DTA- curves of high-temperature oxidation of AlN-(Ti,Cr)B 2 
target. 
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Oxidation proceeds in the three stages. In the first stage (1000- 
1120°C), the oxidation of a double titanium-chromium boride with a 
formation of Ti02 (mtile), CraOs and B2O3 oxides takes place. The 
heterogeneous structure of oxide film corresponds to a formation of 
prolonged Ti02 grains alloyed with Cr203, the latter disposing at the 
boundary with AIN phase. In the second stage (1 120-1 280°C), the 
aluminum nitride is oxidized to a-Al203. In the third stage of oxidation 
(1280-1520°C), P-AhTiOs and Cr2TiOs compounds are formed resulting 
from a solid-phase interaction in the Al203-Ti02 and Cr203-Ti02 systems. 

The substrate material influences the film composition in the film- 
substrate system for both initial and its oxidized state. So, according to 
EPMA data (Fig. 2, a), in the film (a thickness of 3-5 pm) deposited at the 
AlN-(Ti,Cr)B2 target, sputtering on Si monocrystal in the medium of a 
technical Ar there are Ti, Al, Cr, O, and also Si (a small amount). The 
uniformity of the element line intensity and the small wideness of 
intensity peaks along the electron probe scanning, especially for Al and 
testifies to the formation of a film nanostructure (the grain size < 100 nm). 




Fig. 2. EPMA spectra of the surface of AlN-(Ti,Cr)B 2 film on Si monocrystal before (a) 
and after oxidation in air at 1450°C (b). 



After high-temperature oxidation of AlN-(Ti,Cr)B2/ Si composite up 
to 1450-1500°C, the film nanostmcture is preserved while the Si amount 
grows three times when compared with the initial surface (Fig. 2) owing 
to its diffusion from the substrate. The coincidence of Al, Ti, O and Al, O 
concentration maximums on the EPMA spectra of oxidized surface points 
towards the presence in the film of two phases: P-tialite and a-aluminum 
oxide. As a result of oxidation, the film acquires the character of a 
stmcture reinforced with AI2O3 nanofibers (Fig. 3), the length-diameter 
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ratio being 1: 10, 1: 20 and more. The average grain length was 180-350 
nm. 




Fig. 3. The microstructure of AlN-(Ti,Cr)B 2 / Si film after high-temperature oxidation at 
1450°C. 



The formation of Al 203 -Ti 02 and Al 203 -Si 02 solid solutions at high- 
temperature oxidation of a film-substrate composite (Fig. 2, b) ensures the 
high adhesion strength of a “silicon-oxide film” bond. At temperatures > 
1350°C, the oxide film that prevents silicon diffusion into a scale is 
formed. 

The nanofibrous film is also formed on a Si monocrystal at the 
sputtering of AIN target in the medium of a technical (non-purified) Ar 
[7]. After high-temperature oxidation of AIN/ Si composite until 1450“C, 
the distribution of A1 and O on the surface EPMA spectra corresponds to 
aluminum oxide. The silicon was not found in the film, and, consequently, 
the Si diffusion through the film did not take place. Hereby, the mass gain 
and heat evolution were barely observed. This led to the formation of 
AI 2 O 3 film of high density, which prevented oxygen diffusion. 



50 3 




Fig. 4. Auger spectra of AlN-(Ti,Cr)B 2 / AI 2 O 3 (110) film. 



The results of layer-by-layer AES analysis obtained for the different 
time (t) of Ar^-ion etching of AlN-(Ti,Cr)B 2 / AI2O3 (110) composite 
surface testifies to the partial formation of an oxide phase in the film 
formed at the sputtering of the target even in the medium of high-purity 
argon (Fig. 4) The A1 is present in the film in a bound state, mainly, as 
oxynitride. Hereby, the (Ti,Cr)B 2 and aluminum oxynitride coexist 
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throughout the film thickness. However, it must be noted that the amount 
of oxygen in the thin surface layer corresponding to t < 50 s is sharply 
decreased because at a target sputtering the oxygen of a working medium 
is intensively spent to the aluminum oxynitride formation, the latter 
depositing on the substrate. This leads to a diminution (in a time course) 
of O 2 partial pressure in the working volume and a corresponding decrease 
of oxygen concentration in the surface layer. Therefore, in accordance 
with AES spectra, the composition of film surface at t < 10 s proved to be 
close to a target material, and, mainly, contain the Ti,Cr)B 2 and AIN. 

One can see in Fig. 5 the microstructure of AlN-(Ti,Cr)B 2 / AI 2 O 3 (1 10) 
film after annealing in the air at different temperatures (Tan). The film in 
initial state is an amorphous one, and at the increase of x 1 3000 the traces 
of crystalline components are not observed on its surface. At Tan. = 600“C 
the separate centers of crystallization of oxide phase are appeared on the 
sample surface. Their size is equal to 1-2 pm (Fig. 5, a). 




The amount of such centers and their size are increased with a growth of 
Tan. (Fig. 5, b). After annealing at 1000°C a thin oxide layer is formed, the 
latter having a crystalline structure, the average grain size does not exceed 
2.5 pm. The EPMA spectra of the annealed surface (Fig. 6 ) show an 
existence of aluminum and titanium oxides, the dispersion of AI 2 O 3 being 
higher. The coincidence of Al, Ti and O concentration maximums for the 
surface of composite annealed at 1000“C (Fig. 6 , b) testifies to the 
appearance of ( 3 -Al 2 Ti 05 in the film at the lower temperatures, in 
comparison to the temperature of its formation under stationary conditions 
(~1350“C). 
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Fig. 6. EPMA of AlN-(Ti,Cr)B2 /Al2O3(110) surface after annealing at 600°C (a) and 
1000“C(b). 




Fig. 7. (P) dependence for AlN-(Ti,Cr)B2 / AI2O3 (1 10) (a) and AlN-(Ti,Cr)B2/ 

GaAs (100) (b) composites before and after their annealing. 
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Fig. 8. C^^^(P) dependence for AlN-(Ti,Cr)B2 / AI2O3 (1 10) film before and after 
annealing. The data for initial GaAs (100) substrate are presented for a comparison. 
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One can see in Fig. 7 the FI^ = f (P) dependence for AlN-(Ti,Cr)B 2 / 
AI 2 O 3 (110) and AlN-(Ti,Cr)B 2 / GaAs (100) samples before and after 
their annealing at different temperatures. The microhardness of coating at 
its small thickness (0.5-0 . 6 pm) is decreased at a growth of a load (P) on 
the indentor approaching to the microhardness magnitude of GaAs (Fl^ = 
7.5 GPa) or AI 2 O 3 (Fl^ = 21 .0 GPa) substrates. 

For the coating the Fiji value at P = 0.1 N and h = 100 nm is a high 
enough (30 GPa) for both substrates. It may be supposed that this value 
characterizes a hardness of film material. At Tan. = 800°C the character of 
Hji = f (P) dependence is not changed. At Tan. = 900°C the microhardness 
proved to be a little bit decreased, maybe, due to an increase of the 
amount of crystallization centers of oxide phases in the coating (Fig. 5, a, 
b). At Tan = 1000“C the microhardness is sharply decreased and does not 
depend on a load value. This testifies to the phase and stmctural 
transformations at this temperature. These become apparent at the 
crystallization and at the beginning of AIN oxidation. As a result the film 
becomes rougher and gains a yellow color. The dependence of length 
of radial cracks on the value of load on the indentor is presented in Fig. 8 . 
The cracks near the imprints become apparent at the comparatively low 
loads (0.2-0. 3 N). The = f (P) dependence is the linear one (with the 
exception of Tan. = 1000°C) that points out to a possibility to use the 
formula (1) for the Kic calculation. The growth of = f (P) curve slope 
with the Tan increase testifies to the diminution of the efficient fracture 
toughness for the film-substrate composite. The diminution of Kic 
calculated value with a Tan growth (from 4.7 to 1.6 MN/m^^^ for AIN- 
(Ti,Cr)B 2 / AI 2 O 3 and from 3.3 to 1.2 MN/m^^^ for (Ti,Cr)B 2 / GaAs) may 
be explained by a change of phase composition of a film surface layer due 
to the oxidation. According to XRD analysis, the parameter of AI 2 O 3 
crystal lattice was not changed whereas for GaAs it was increased from 
5.646 A to 5.957 A on the account of dissolution of coating material 
components in the gallium arsenide as well as an appearance of thermal 
strains of tension in the substrate. 

3. CONCLUSION 

1. The magnetron coatings deposited on Si, AI 2 O 3 and GaAs 
monocrystals using the AlN-(Ti,Cr)B 2 target are characterized by 
ultra-dispersion structure. The phase composition of the coating 
can be different from the original target due to AIN oxidation as a 
result of its dissociation under Ar^ ion bombardment during the 
sputtering. The aluminum oxynitride, along with a double 
titanium-chromium boride, is the main coating phase. 

2. After high-temperature oxidation up to 1500“C, the nanostructure 
of the coating and its high adhesion as to a substrate are 
preserved. Hereby, the nanofibrous stmcture is formed. In the 
structure, the reinforcing AI2O3 grains are drawn out as the fibers 
closely interwoven with each other. In a course of high- 
temperature oxidation the Al 203 -Ti 02 -Cr 203 , AI 2 O 3 -B 2 O 3 solid 
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solution fibers as well as ( 3 -Al 2 Ti 05 (tialite) crystals are formed, 
the latter ensuring a high resistance of material to high- 
temperature corrosion. 

3. The AlN-(Ti,Cr)B 2 / AI 2 O 3 (1 10) and AlN-(Ti,Cr)B 2 / GaAs (100) 
coatings are thermal and stable until 1000°C. They have the high 
enough magnitudes of microhardness (13,^ = 30 GPa) and fracture 
toughness (Kic = 3.3 - 4.7 MN/m^^^). At the annealing temperature 
Tan. = 1000°C the structural and phase transformations 

accompanied by the mechanical properties, worsening take place 
in the coatings. 



Andrievski R. A., Lavrenko V. A., Desmaison J., Desmaison-Brut M, Kalinnikov G.V., 

Panasyuk A.D. High-temperature oxidation of aluminum nitride-based films / Proc. Ac. 

Sci. Russia, 2000, v. 373, N 1, p.p. 60-62. 

References 

1. Properties of (Tii_xAlx)N coatings for cutting tools prepared by the cathodic arc ion 
plating method: 38th Nat. Symp. Amer. Vac. Soc., Wash., 1991 / Tanaka Y., Gur 
T. M., Kelly M., Hagstrom S. B., Ikeda T., Wakihira K., Saton H. / J. Vac. Sci. and 
Technol., A., 1992, v. 10, N4, p.p. 1749-1756. 

2 . Harte Schichten Zahlen Sich Aus / Techn. Rept.,1992, v. 19, N5, p.44. 

3 Characterization of (Tii_xAlx)N films prepared by radio-frequency reactive magnetron 
sputtering / J. Y. Rauch, Ch. Rousselot, N. Martin, Ch. Jacquot, J. Takadoum / J. 

European 

Ceram. Soc., v. 20, 2000, p.p. 795-799. 

4. Ravikiran A., Effect of interface layers formed during dry sliding of zirconia 
toughened 

aluminia against steel, Wear, 1994, v. 171, p.p. 129-134. 

5. Lawn B. R., Fracture of brittle solids. Second Edition, Cambridge University Press, 
Cambridge, 1993, 378 p. 

6. Lavrenko V. A. , Panasyuk A. D., Desmaison-Brut M, Desmaison J. Development of 
AlN-(Ti,Cr)B 2 composite ceramics and study of their corrosion resistance in air up to 
1550°C, Key Eng. Mater., 2002, v. 206-213, p.p. 1069-1072. 




Patterning Sub-IOOnm Features eor Sub- 
Micron Devices 



H. Kavak*, J. G. Goodberlet 

Research Laboratory of Electronics, MIT, Cambridge, MA 
02139, *Physics Department, Qukurova University, Adana, 

Turkey 01330 

Abstract: Contact photolithography with an embedded amplitude 
conformable photomask has been used to pattern sub- 100 nm 
features. A conformable quartz, embedded-amplitude mask is 
brought into intimate contact with a resist-coated substrate and 
exposed to 220 nm of radiation from an Xe arc lamp. Numerical 
simulations are used to design the photomask, which takes 
advantage of optical interference in the very near field. This 
technique offers high resolution sub-micron sized features at a low 
cost. A variety of useful structures can be patterned, including lines, 
holes and annuli. These features can be used to fabricate 
nanometer-scale vacuum electronic devices. Some patterned 
features will be presented in this paper. 



1, INTRODUCTION 

Numerous techniques have been proposed recently to perform 
nanolithography at a lower cost than electron-beam, ion beam or x- 
ray techniques [1]. Techniques such as nano-imprint lithography, 
microcontact printing, near-field phase shift lithography offer low- 
cost and high resolution patterns when compared with electron- 
beam or scanning techniques. In each of these low cost methods, a 
patterned mask is brought into contact with a substrate, and the 
pattern is replicated. These techniques can also be used to fabricate 
nanometer scale structures for sub-micron devices. 

Conformable contact photolithography has been used to pattern 
features at the micron level as early as 1969 [2]. In this initial work 
0.25 mm thin glass with an absorber was used as an optical mask 
and was brought into intimate contact with a resist-coated substrate. 
In later work, the resolution of contact photolithography was 
extended to the sub-micron level [3]. Some innovative variations of 
the conformable mask have also been developed; the light coupling 
masks, the membrane masks, and the embedded amplitude mask 
used in this work was for near field optical lithography [4-8]. 

The primary research has just started to apply conformable 
contact photolithography to fabricate advanced submicron devices. 
This device would enable on-chip, ultrasensitive and ultrafast 
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photodetection for potential applications in optical, biochemical 
sensing, communications or low light level imaging technologies. 



2. EXPERIMENTAL DETAILS 

The conformable Embedded Amplitude Mask (EAM) consist of 
quartz or deep UV transparent fused silica substrate, 150 pm thick, 
with a Cr absorber embedded into etched silica regions via a trilayer 
resist process. The embedded pattern was obtained using an 
electron-beam lithography, reactive ion etching steps and lift-off 
steps [5]. 

In the near field, the distance between the mask and substrate is 
shorter than the wavelength of the incident light. By placing an 
aperture a small distance from a surface, it is possible to create 
lithographic structures that are significantly smaller than the 
wavelength. Interference effects in the near field of a photomask are 
utilized to obtain feature sizes below the diffraction limit of the 
exposing radiation. The photomask designs are optimized through 
numerical simulations to take advantage of the optical interference, 
and to generate the desired pattern in resist. Full vector 
electromagnetic simulation tools, the finite-difference time-domain 
field solver TEMPEST, available over the internet were used 
extensively to optimize particular mask design [9]. These 
simulations were also used to achieve a high resolution variety of 
pattern. 

For all patterning experiments with the EAM, trilayer resist stack 
was used on the silicon substrate. 100 nm thick antireflection 
coating ARC (XHRi-11) spun on the substrate and baked. ARC is 
used to minimize reflected power into the resist. 35-40 nm thick 
Si02 interlayer evaporated on ARC using e-beam evaporation 
technique. 30-60 nm thick poly(methyl methacrylate) (PMMA) 
resist spun on top Si02 and baked. This stack optimized to get a 
better resolution, considering the refractive index and thickness of 
the layers. To obtain intimate contact, a vacuum fixture is used to 
pull the mask onto the resist coated substrate. The contact pressure 
is about 0.7 atm. After accomplishing intimate contact, patterns 
were exposed in PMMA with a 220 nm mercury-xenon arc lamp. 
The doses used to expose the PMMA were varied about median 
value of 350 mJ/cm^. And after the exposure the pattern 
immediately developed for 60-90 s in a 2:1 mixture of isopropyl 
alcohol: methyl-isobutyl ketone. Patterns were transferred to the 
substrate using reactive-ion etching and a chrome lift-off step. The 
oxide interlayer was etched with CHF3 plasma, and the ARC layer 
was etched with an O2 plasma. All processes were carried out in a 
class 10 clean room. Some are illustrated in Figure 1. 
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Figure 1. Patterning with a trilayer resist 



3. RESULTS AND DISCUSSION 

The application of near-field microscopy concepts to 
photolithography offers the possibility of developing high 
resolution, low-cost photolithography processes by utilizing the 
optical near field, rather than driving the exposure wavelength 
deeper into the ultraviolet. 

Commercially available resists like PMMA, Shipley UV5 and 
SI 813 were studied to obtain high resolution images. PMMA is a 
high resolution resist that has additional benefit of negligible 
outgassing during exposures. Substantial outgassing can cause the 
separation of mask and substrate during exposure. Numerical 
simulation technique (TEMPEST) used to optimize the three layer 
stack. The simulation and experimental results for a circular 
aperture in the photomask are shown in Figure 2. The hole in the 
embedded attenuator which was determined with the finite- 
difference time domain software, shown in Fig. (2a). The simulated 
instantaneous optical field for one polarization, shown in Fig (2b), 
was recorded 30 nm beyond the aperture. The simulated 
instantaneous optical field for one polarization used to calculate the 
time-averaged intensity, and this intensity is plotted in Fig. (2c). 
Scanning electron microscope (SEM) images in Fig (3a) shows the 
annular aperture was patterned on a photomask and the resulting 
processed pattern is shown in Fig. (3b). A sub 50 nm diameter hole 
produced using these apertures, which were fabricated using near 
field photolithography [10]. 
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transverse distance (nm) 



Figure 2. The simulation results for an annular aperture, a) the hole in the 
embedded attenuator b) instantaneous field 30 nm beyond the aperture of the mask, 
c) time averaged intensity. 



(a) 



100 nm 



(b) 



100 nm 



Figure 3. Experimental results for a) an annular aperture was patterned on a 
photomask b) sub-50 nm hole patterned in oxide and polymer layers. 
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EAM conformable contact photolithography can be used to 
pattern high resolution grating structures, Fig. (4a) and a dense 
triangular lattice of holes, Fig (4b). 





Figure 4. An SEM images of the resulting printed pattern a) grating b) dense 
triangular lattice of holes. 



A successfully patterned variety of structures show the 
technique’s potential for the fabrication of electron field emitting 
devices, integrated optical devices and etc. Multi-level patterning 
has been successfully achieved to fabricate a multichannel 
nanometric photomultiplier. For the first fabrication attempts the 
microphotomultiplier’s channel width was chosen to be about 125 
nm, and several device lengths, ranging from 3 pm to 50 pm were 
trailed. There were typically 200 or more channels in a single 
device. The channels were defined in the first level of lithography 
and subsequently etched into an oxide substrate. In the second level 
of lithography, a resistive strip was aligned to the channels with 
better than 200 nm overlay accuracy. In the third level of 
lithography and subsequent processing, the photocathode, anode and 
signal collector were defined in gold. The research is on progress. 



4. CONCLUSION 

The experimental and numerical results show that high 
resolution features (Sub-100 nm) can be created with embedded- 
amplitude mask using optical interference in the near field. This 
technique utilizes available simulation tools for designing 
photomask pattern, which take advantage of near-field interference. 
The technique offer some flexibility in mask design, and 
improvement are expected when mask material varied. Fine features 
were produced with a low cost, unpolarized arc-lamp source and 
lurther improvements can be expected with a more coherent and 
well polarized source. This low cost, high resolution patterning 
technique may find application in the rapidly growing area of 
nanotechnology such as nano-electronics devices. 



534 



References 

1. Smith, H. I. (2001) Low cost nanolithography with nanoaccuracy, Physica E ll, 
104-109. 

2. Smith, H. 1. (1969) Method for fabricating high frequency surface wave 

transducers. Rev. Sci. Instrum. 40 , 729. 

3. Lin, B. J. (1980) Fine Line Lithography, R. Newman, Ed., Materials Processing 

Theory and Practiees Series, Vol. 1, North-Holland, New York, , pp. 105-150. 

4. Schmid, H., Biebuyck, H., Michel B., and Martin, O. J. F. (1998) Light 
coupling masks for lenses, sub-wavelength optical lithography, Appl. Phys. Lett. 
72 , 2379. 

5. Goodberlet J. G., and Dunn, B. L. (2000) Deep-ultraviolet contact 
photolithography, Microelee. Eng. 53 95. 

6. Blaikie, R. J., Alkaisi, M. M., McNab, S. L, Gumming, D.R.S., Cheung, R. D., 
and Flasko, G. (1999) Nanolithography using optical contact exposure in the 
evanescent near field Mieroelee. Eng. , 46 , 85. 

7. Alkaisi, M. M., Blaikie, R. J., McNab, S. J., Cheung, R., and Gumming, D.R.S. 
(1999) Sub-diffraction-limited patterning using evanescent near-field optical 
lithography, Appl. Phys. Lett. 75 , 3560. 

8. Goodberlet, J. G. (2000) Patterning 100 nm features using deep-ultraviolet 

contact photolithography, Appl. Phys. Lett. 76, 667. 

9. TEMPEST can be run at http://cuervo.eecs.berkeley.edu/Volcano/ 

10. Goodberlet, J. G., and Kavak, FI. (2002) Patterning sub-50 nm features with 

near-field embedded-amplitude mask, Appl. Phys. Lett. 81 , 1315. 




SOLID AND LIQUID PROPERTIES OF Pd-Ni 
METAL ALLOYS USING QUANTUM SUTTON- 
CHEN MANY-BODY POTENTIAL 



S. OZDEMIR KART M. ULUDOGAN^ T. gAGIN^ AND M. TOMAK* 

‘ Department of Physics, Middle East Technical University 06531 Ankara, TURKEY 
^School of Materials Science and Engineering, Georgia Institute of Technology 771 Ferst Dr. 
Atlanta, GA 30332-0245, U.S.A 

^Material and Process Simulation Center, California Institute of Technology Pasadena, CA 
91125, U.S.A 

Abstract: The performance of the quantum Sutton-Chen many body potential 
on the solid and liquid properties of Pd-Ni fee transition metal alloys is 
investigated by molecular dynamics simulations. Elastic constants, phonon 
dispersion relations and diffusion coefficients are studied. The melting 
temperatures of Pd-Ni alloys are predicted. The transferability of the potential 
is also tested by simulating the liquid state. Comparison of the molecular 
dynamics results with available experimental data shows that the quantum 
Sutton-Chen potential gives a reasonable description of the solid and liquid 
properties of alloys considered, in spite of having been parameterized on the 
experimental data of pure metals at solid phase. 

Keywords: quantum Sutton-Chen potential, elastic constant, phonon 
dispersion, diffusion coefficient. 



1. INTRODUCTION 

Recent advances in numerical methods and computer technology have 
reinforced attempts to study the physical properties of fee transition metal 
alloys. A detailed research on the development of materials is of great interest 
for their industrial applications. Palladium and its alloys have industrial 
importance because of their hardness and resistance to corrosion. 

The most important problem in a computer simulation is to choose the 
interatomic potential model which provides an accurate description of atomic 
interactions. In metals and their alloys, the many body density term plays a 
significant role in the interactions. Therefore the model potential selected for 
transition metals should include many-body interactions as well as pairwise 
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interactions. There are several empirical and practical approaches that can 
afford to investigate many systems and trends in physical properties. The 
empirical potentials provide a chance of studying systems with large number 
of atoms in a short time and with satisfactory accuracy. Recently, a many- 
body potential has been introduced [1] within the context of the tight binding 
approach and reparametrized by including quantum correction [2]. Because of 
computational efficiency and fairly long-range properties, Sutton-Chen 
potential (SC) has been used in many studies and successfully applied to a 
range of problems [4,5,6,7] and quantum Sutton-Chen potential (Q-SC) has 
been used for predicting the viscosity of liquid metal alloys [8] and alloy 
melting and solidification [9]. 

In this study, we perform molecular dynamics (MD) simulations by using 
SC and Q-SC potentials. The goal of this study is to examine the solid and 
liquid properties of Pd-Ni binary fee metal alloys. The transferability of the 
Q-SC many body potential is an important question to be answered. Q-SC 
parameters are tested by computing the elastic properties and phonon 
dispersion curves at definite temperatures as solid properties and by 
calculating the diffusion coefficients as liquid properties. The melting 
temperatures for Pd-Ni alloys are investigated. 

2. METHOD 

The total potential energy of the system in SC type can be described by a 
sum of pair-wise repulsion term and many-body density dependent cohesion 
term. It has the following form; 



v,„ = 'Zv.=I. 



Cl Cl 






r.. 

V 



■ ■ r 

\‘^J 'ij 



( 1 ) 



These SC parameters e, c, m and n are optimized to fit to the 0 K 
properties based on the experimental lattice parameter (at 300 K), cohesive 
energy, and bulk modulus. Q-SC parameters are obtained by fitting additional 
experimental properties, such as phonon frequencies at the X point (at 300K), 
vacancy formation energy, and surface energies. In Table I, the values of the 
Q-SC and SC parameters for Pd and Ni are listed. We use the random binary 
fee metal alloy method [10], in which cites are occupied by two types of 
atoms completely randomly. 
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Table I. Quantum Sutton-Chen (Q-SC) and Sutton-Chen (SC) potential parameters. 



Metal 




N 


m 


£(eV) 


c 


«(A'j 


Pd 


Q-SC 


12 


6 


3.2864E-3 


148.205 


3.8813 




SC 


12 


7 


4.1260E-3 


108.526 


3.8900 


Ni 


Q-SC 


10 


5 


7.3767E-3 


84.745 


3.5157 




SC 


9 


6 


1.5714E-2 


39.756 


3.5200 



MD simulations start from a cubic box with 864 atoms subject to periodic 
boundary conditions. The details of the computational procedure followed in 
this study can be found in Refs. [6,7]. 



Table II. Comparison of calculated and experimental (Exp) values for elastic constant (Cij) and 
bulk modulus (B) at 0 K in the units of GPa and transverse (T) and longitudinal (L) phonon 
frequencies at the Brillouin zone boundaries X and L at 300 K in the units of THz. 



Metal 


Model 


C„ 


C,2 


C 44 


B 


UxT 


VXL 


t>LT 


Vll 




Exp 


234.10 


176.10 


71.20 


195.00 


4.56 


6.70 


3.21 


6.86 


Pd 


Q-SC 


216.00 


150.25 


91.66 


172.17 


4.25 


6.19 


2.83 


6.17 




SC 


248.20 


175.90 


93.29 


200.00 


4.30 


6.20 


2.88 


6.16 




Exp 


261.20 


150.80 


131.70 


188.00 


6.17 


8.55 


4.24 


8.88 


Ni 


Q-SC 


219.59 


165.34 


99.57 


183.62 


5.68 


8.48 


3.69 


8.50 




SC 


226.61 


178.77 


79.24 


194.73 


5.04 


7.48 


3.29 


7.48 



3. RESULTS and DISCUSSION 

The elastic properties of bulk fee Pd-Ni alloys are calculated using both SC 
and Q-SC parameters over 50000 steps of microcanonical (EVN) ensemble. 
The results for Pd and Ni at 0 K are given in Table II, along with comparisons 
with experimental data [11]. While SC describes the elastic constants of C 12 
for Pd well, C 12 for Ni obtained by Q-SC is more consistent with experiment. 
Our results are close to the values calculated by Kimura et. al. [2]. In Fig. 1, 
the elastic constants of Pd-Ni alloy at six different concentration values are 
shown. The figures are plotted at 300 K and 1500 K to see the effect of 
temperature on the elastic properties. As temperature increases, thermal 
softening of alloy occurs. 




Figure 1. Elastic constants as a function of concentration of Ni in Pd a) at 300 K and b) at 1500 K. 
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We have also studied the phonon dispersion relation. The phonon 
dispersion curves for Ni at room temperature are presented in Fig. 2, together 
with the experimental data [12]. The overall structure of dispersion curves is 
well reproduced. Transverse (T) and longitudinal (L) phonon frequencies for 
Pd and Ni at the X and L points at the Brillouin zone are listed in Table II, 
together with experimental data [13]. Our results are more consistent with the 
experimental values than the other many-body calculations found in the 
literature [14,15,16]. The best agreement with the experiment is the 
longitudinal frequency at X point, as expected, due to fitting of Q-SC 
parameters to experimental phonon frequencies. 




Figure 2: Phonon dispersion curves of Ni along symmetry directions. The solid curves 
represent the present calculations from Q-SC parameters. The dashed curves show the SC 
calculations. The points are experimental data [12] at room temperature. 

The diffusion coefficients {D) of Pd-Ni alloy are computed from Green- 
Kubo (GK) and Einstein (E) relations to study liquid properties. Table III lists 
the computed values of D for Pd, Ni and Pd-Ni alloys, along with the 
available experimental data [17]. The only metal alloy studied here for which 
the experimental values of D are available is Ni [17]. Our simulation results 
for Ni are consistent with the experimental values. As for the self-diffusion 
coefficient of Pd, our results at 1853 K agree well with the values of 4.03 nm^ 
ns'* (GK) and 4.07 nm^ ns'* (E) predicted by Alemany et. al. [18], 
respectively. There are no experimental and theoretical results for Pd-Ni 
alloy. 

The melting temperatures of Pd-Ni metal alloys are determined by 
examining the behavior of density, enthalpy, and pair distribution function as 
a function of temperature. To better describe the melting points, we also 
check the diffusion coefficients of Pd-Ni alloys. We get the same melting 
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temperatures from all these physical properties. We find the melting 
temperatures for Pd, Pdo.8Nio.2, Pdo, 6 Nio. 4 , Pdo. 4 Nio. 6 , Pdo.2Nio.8, Ni to be 1820 
±10 K, 1680 ±10 K, 1600 ±10 K, 1570 ±10 K, 1610 ±10 K, 1710 ±10 K, 
respectively. These values are consistent with experimental values which are 
1825 K, 1633 K, 1519 K, 1507 K, 1552 K, and 1726 K, respectively [19]. We 
find eutectic region between concentrations around Pdo.sNio.s and PdojNio.v, 
supporting the critical experimental concentration of Pdo.45Nio.55. 



Table III. Diffusion coefficients D in me? ns"' as evaluated by using the Green-Kubo (GK) and 
Einstein (E) relations at the shown temperatures for Pd and Ni and Pd-Ni alloys. Here 
calculated diffusion coefficients are obtained from Arrhenius equation. 











Self-Diffusion (nm^ /ns) 




Green-Kubo 


Einstein 


Metals 


Temp. (K) 


Exp. 


D for Pd 


D for Ni 


D for Pd 


D for Ni 


Pd 


1853 


- 


4.98 


- 


4.96 


- 


Pdo.6Nio.4 


1853 


- 


4.84 


5.78 


4.85 


5.88 


Ni 


1873 


5.96 




6.39 


- 


6.38 




1773 


4.61 




5.48 


- 


4.96 



4. CONCLUSION 

The transferability of the potential is an important conclusion which can be 
made from this work. Although the potential parameters were fitted to 0 K 
experimental properties of the solid pure system, the Q-SC model describes 
the properties of liquid Pd, Ni and Pd-Ni well. 

One of the achievements of this work is to predict the melting temperatures 
of Pd-Ni metal alloys with the same trend as the existing experimental curve. 
The experimental data on the diffusion coefficients D for Pd-Ni alloys except 
for Ni are not available for comparison, but the values of D computed from 
Einstein and Green-Kubo relations are nearly equal to each other. These data 
may encourage the experimentalists to verify our results. 
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mechanochemical 115 
one-electron density of states 
213 

carbon nanotubes 349, 401 
aqueous fluid 401 
connections 409 
devices 409 
fluidic 409 
dielectrophoresis 409 
double-walled carbon 35 
EELS 401 
fluid transport 409 
formation mechanism 19, 




543 



107 

hydrophilic 401 
liquid transport 401 
manipulation 323 
nucleation 19 
wetting 401 

X-ray spectroscopy 349 
multi-wall carbon nanotubes 1 9, 
35,91 

bamboo-like 19 
nano matching 417 
opening 417 
TEM 35, 91,417 
water inclusion, 417 
single wall carbon nanotubes 
199 

biometallic catalyst 107 
diameter-selective 107 
fluorinated 145 
formation mechanism 
19,107 

HipCo 121, 145 
nucleation 19, 107 
raman 145 
synthesis 35 
xidative etching 121 
GeSi/Si 47 

hybrid nanotubes 47 
InGaAs/GaAs 47 
MoS ( 2 -x)Iy nanotubes 341 
electronic structure 1 45 
X-ray photoelectron 
spectroscopy 145 
Titanium coverage 153 
Nano-scale SiOi particles 159 
Nanowires 313, 363 
contacts 3 1 3 
graphitic 75 
magnetic 363 
semiconducting 3 1 3 
Neutron scatting 
measurements 159 
Ni coatings 495 
Ni droplets 495 

Nucleic acid molecular sensors 
377 

One dimension semiconductor 
313 

Oxide solid solution 35 



Percent descenting distance 
377 

Photonics 469 
Polymers 97, 459 
Quantum dots 469 
Schottky barrier 313 
Silicon nitride 443 
Strained bilayer films 47 
Strained semiconductor 
heterofllms 47 
Supercritical water 159 
Thermal conductivity 451 
Ultra-thin epitaxial layers 47 
Y-junction 83, 225 
ZnO thin films 385 




